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ABSTRACT
AMPHIPHILIC ASSEMBLIES WITH RESPONSIVE CHARACTERISTICS AT
SURFACES AND INTERFACES
FEBRUARY 2019
PIYACHAI KHOMEIN, B.S., CHULALONGKORN UNIVERSITY
M.S., CHULALONGKORN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Sankaran Thayumanavan

Amphiphilic self-assembly has gained a lot of interest in both academic and
industrial fields. Amphiphiles have a unique ability to self-assemble in water, providing a
range of nanosized materials of various morphologies. Many efforts have been dedicated
to

developing

responsive

amphiphilic

assemblies

by

introducing

responsive

characteristics into the amphiphile building blocks. Responsive assemblies have been
utilized in many promising applications such as targeted drug delivery systems, smart
sensors, and electronic devices. Here, we reported four different types of responsive
assemblies created via the incorporation of different responsive groups either at the
material’s surface or interface.
To achieve the responsive characteristics at the surface of the assemblies, we
designed an amphiphilic homopolymer capable of self-assembly in water to form
micelle-like aggregates. The polymer was designed in such a way that the amine
functional groups are presented at the surface for further surface modifications. Organic
semiconductor molecules were functionalized onto the spherical polymeric micelle-like
assemblies and their response in charge transport was analyzed. We utilized the simple
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spherical micelle-like assemblies as a scaffold to provide isotropic structure in organic
semiconductors. Three key findings in this work include 1) the spherical structure to
provide isotropic charge transport, 2) the maintenance of charge transport, and 3) the
improvement in thermal stability. Furthermore, fluorescent molecules were also
functionalized to the spherical micelle to yield fluorescent particles that demonstrated
fluorescent enhancement compared to their small molecules counterpart. The mechanism
of the emission enrichment was deeply investigated and discussed in the later work.
The responsive characteristics at interfaces of amphiphiles were also included in
this dissertation. Alternatively to micelle-like assemblies, responsive vesicles were
prepared from amphiphilic polymers with three components including hydrophilic,
hydrophobic and pH-responsive segments. The positions of the pH-responsive units were
optimized to achieve the ability of controlled release. Positions of the responsive groups
were varied in the hydrophilic and hydrophobic interface and the effect of the position
was examined through kinetic studies of molecular guest release and morphology
transitions. Last but not least, the responsive oligomeric amphiphiles were designed to
assemble at liquid crystal and water interfaces. Using responsive amphiphiles at such an
interface allows the potential to greatly amplify a nanoscopic change into a macroscopic
one due to the amphiphile’s response to an applied stimulus. We aimed to develop such a
responsive system demonstrating liquid crystal reorganization due to a nanoscopic
change of the triggerable amphiphiles interfacial orientation. Our system demonstrates
macroscopic changes in liquid crystal optical properties which could contribute to the
development of highly sensitive analysis tools.
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CHAPTER 1
INTRODUCTION
1.1 Amphiphilic molecules to self-assemble in water
Amphiphilic molecules or amphiphiles are molecules that consist of hydrophilic
and hydrophobic parts linked by covalent bonds in one structure. Hydrophilicity is the
term used to identify the molecules that prefer water environment. Contrastingly,
hydrophobicity is the term for the molecules that disfavor the water environment. Thus,
when the amphiphiles are introduced into water, the molecules will tend to form
aggregates driven by the hydrophobicity in the structures. This process is known as
amphiphilic self-assembly. Since the hydrophobic parts are not miscible with water, the
interaction between hydrophobic parts and water is minimized by self-assembly,
constituting the hydrophobic segments to assemble themselves inside the aggregates
while the hydrophilic segments are exposed to the water environment. The morphology
of the aggregates can be as simple as solid spherical micelles to more complex
morphologies like Janus micelle particles (Figure 1.1). Well-defined structures of
amphiphilic assemblies are associated with their chemical structure. For example, the
natural phospholipids trend to form vesicle morphology1-2. The lipids are generally built
from a hydrophilic head group and at least two hydrophobic tail groups. In contrast, when
the amphiphiles are composed of two hydrophilic head groups and a hydrophobic tail
which is so called bola-amphiphiles, various morphologies can be observed included
spherical micelle, cylinders, and vesicles3.
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Figure 1.1. Illustration of amphiphiles to self-assemble in water and example some
possible morphology4

The concept of amphiphilic self-assembly is not only for small molecules but also
extended for polymers. Polymeric amphiphiles can be either well-defined block
copolymers5 or simple random copolymers6, both consisting of hydrophilic and
hydrophobic segments. The benefits of the amphiphilic polymers over low molecular
weight amphiphiles are the diversity of structures and the stability of assemblies due to
the high chain entanglement. The observed morphologies of polymeric assemblies are
similar to small molecule amphiphiles included micelles, cylinders, and vesicles. The
unique properties of polymeric assemblies have opened up the applications in drug
delivery7-8 and nanomaterial templates9.
The capability of accessing many types of morphologies of amphiphiles has
endowed many possible applications, including but not limited to biomedical delivery1011

, sensors12-13, electronic devices14, and catalysts15. The self-assembly of small molecules

has been studied for the decades16-17. The morphology is primarily dictated by the
packing parameters, p = v/ao lc, where v is the volume of hydrophobic tail, a0 is contact
area of the head group, and lc is the length of hydrophobic tail. The value of p can be used
2

to predict the morphology of the assembly. If p < 1/3, spheres are formed , if 1/3 < p <
1/2, cylinders will be observed, if 1/2 < p < 1, vesicles morphology are obtained, if p > 1,
inverted structure is most likely to be formed.
In a polymeric assembly system, the same principle to those of small molecule
amphiphiles can also be applied. In general, the polymer self-assembly is driven by the
three factors to the free energy of the system: the degree of stretching of the polymer
chain, the curvature, and interfacial tension energy. Thus, the morphology of the selfassembly can be manipulated by these components, which can affect any of these three
factors such as polymer composition, concentration, and/or the nature of common
solvents.
The amphiphilic molecules have been studied extensively in both academic and
industrial levels. Many amphiphiles have been developed to use in many applications.
For example, in drug delivery, amphiphiles are used as a carrier to encapsulate drugs to
enhance the stability and solubility and also reduce the toxicity of the active drug
molecules. Besides, many efforts have been trying to introduce a smart feature into the
amphiphiles. The “smart” or responsive amphiphiles are materials that can respond to an
input external stimulus causing the change in their physicochemical as an output
response. This feature can introduce amphiphiles to more advanced applications. The
responsive amphiphiles have potential to develop targeted drug delivery system and ondemand release at diseases site which will achieve optimal therapy and minimal toxic
side effects.
1.2 Responsive amphiphiles
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Distinct examples of responsive amphiphiles are found in many living organisms.
Biological membranes are one of the samples which are comprised of self-assembled
phospholipids. They provide many key roles in transmitting the signal and response to
external stimuli across cellular membranes. Inspired by the ability of nature to create
highly functional structures and tunable size of assemblies, many works have been
explored in artificial responsive systems utilizing synthetic amphiphilic self-assembly.
Light-, pH-, and electrical-responsive amphiphiles have been exploited and shown many
promising applications.
Light processes are usually used to control activities in responsive systems by
switching the light source on/off. To engineer such a system, the light responsive groups
have to be incorporated into the assemblies via covalent bonding or encapsulation. These
systems can thus be applied to implications for medical purposes since the light is a clean
source, controllable, and precise. For example, the incorporation of organic
chromophores in amphiphilic block copolymers for generation of active oxygen species
has been studied for photodynamic therapy18. In this thesis, we also developed surfacedecorated polymeric micelles with fluorophores for potential fluorescent imaging
applications. We discussed the effect of this incorporation upon their fluorescent
properties. We show that the preliminary results from this study could serve as a viable
alternative to manipulate fluorescent signals of fluorophores similar to the metal
enhanced fluorescent strategy. In addition, we also designed and synthesized lightresponsive oligomeric amphiphiles combined with liquid crystal (LC) systems in order to
develop artificial, responsive systems that utilize the long range ordering transition of
LCs as a signal read-out. We reported a study of the interactions of oligomeric
4

amphiphiles with nematic LC films, focusing on both dynamic and equilibrium responses
of the LCs.
Electrical-responsive systems have also been explored. It has been shown that
using electrical stimuli can achieve the response to redox reaction without altering
chemical concentration, composition, and temperature. For example, the host-guest
chemistry between β-cyclodextrin and ferrocene was utilized to control the assemblydisassembly of the supramolecular diblock copolymer. This assembly can be regulated by
the external voltage applied to the system which can be switched between assembly and
disassembly19. We also utilized the amphiphilic assembly to create a spherical polymeric
scaffold with organic semiconductor molecules functionalized on its surface. The
consequences of decorating the surface of the insulating polymeric nanoparticle with
conductive materials were deeply investigated. We also extended the study to organic
photovoltaic applications and the preliminary results were displayed in this thesis. We
also attempted to develop the protein “carbonic anhydrase” sensor by using the partially
surface-decorated sulfonamide conductive particles. The particles were used as
responsive materials on field effect transistors (FET). We then monitored the response of
the electrical characteristics to the carbonic anhydrase of the system.
pH-responsive assemblies are the group of stimuli responsive assemblies that can
act to the change in acidic or basic environment. The response can result in the shift in
the hydrophilic/hydrophobic balance of the assembly due to the ionization of the
responsive groups or the bond cleavage such as an ester bond. The field of pH-responsive
materials has gained much attention not only through fundamental studies on structural
and molecular designs but also wide-open in many potential applications. For instance,
5

the pH-responsive block copolymer was developed for the purpose of controlled
release20. Such a system can provide the potential of smart therapy where the drug is
programmed to release only when there is the presence of the stimuli. We wanted to
develop pH-responsive amphiphiles as well as develop the fundamental understanding on
the molecular design. Thus, we investigated the position effect of the pH-responsive
group in the amphiphilic polymer backbone. We reported the study of the rate of the
release of the responsive assemblies which contained pH-responsive units in three
different positions between the hydrophobic and hydrophilic polymer interface.
1.3 Summary
The fascinating properties of responsive amphiphilic assemblies have shown great
potential in many applications and the ability to achieve various kinds of morphologies is
further spanning more possibilities. The stimuli responsiveness of amphiphiles can be
tuned from physical stimuli such as light and ultrasound, chemical stimuli like pH and
reducing agents, or biological stimuli like proteins and enzymes. The incorporation of the
responsive functional groups on the amphiphiles has to be carefully designed to optimize
the demand outcomes.
In this dissertation, the responsive groups were incorporated into amphiphiles on
either surfaces or interfaces. In chapter 2, the electrical-responsiveness at the surface of
the polymeric assembly was studied. The electrical response characteristics and their
potential applications were explored and discussed in the context. In chapter 3, we
discussed the fluorescent enhancement through the incorporation of chromophores on
polymeric nanoparticle. The mechanism was deeply investigated by spectroscopic
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analysis. In chapter 4, we studied the optimal position of pH-responsive units on tricomponents copolymer vesicles for tuning molecular release. In chapter 5, the design and
synthesis of light-responsive oligomeric amphiphiles as triggers for responsive liquid
crystal were examined.
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CHAPTER 2
EFFECT OF INCORPORATING FLAT AROMATIC MOLECULES ON
SPHERICAL POLYMERIC NANOPARTICLES
Khomein, P.; Thayumanavan, S. Effect of incorporating flat aromatic molecules
on spherical polymeric nanoparticles. Chem. Commun., 2017, 53, 5190-5192. Reproduced by permission of The Royal Society of Chemistry.
DOI: 10.1039/C7CC00963A
2.1 Introduction
Organic semiconductors (OSCs) have been intensively studied in the past decades
due to their promised properties for possibility to develop low cost, light weight, and
flexible electronic products such as intelligent papers, solar windows, or flexible digital
displays1-2. Nonetheless, there are some unsatisfied properties in OSCs that still block
these ideas into markets. The low dimension in charge transport of these materials,
typical 1D or 2D, is one of the properties that have not been yet resolved effectively.
The charge transport mechanism in highly order solid state of OSC is believed to
be the band-like charge transport3. In the disorder solid state, charge hopping mechanism
is occurring instead4-5. Both mechanisms critically depend on the ordering of molecular
packing in solid state. Thus, charge mobility can be increased by increasing the order of
the materials. Both thermal and solvent annealing are the common methods that have
been used to improve the performance of OSCs based device such as organic FET
(OFET) and organic photovoltaic (OPV) devices6-7. While these approaches are effective,
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there are some drawbacks such as inconsistency in devices performance due to variation
in solid state morphology8. Moreover, it does not provide a solution to address the low
dimensional charge transport of OSCs which can be observed in OFET where charge
mobility is relied on molecular alignment along source/drain electrode9.
Molecular packing has been identified as one of the primary determinants of
charge transport in organic molecules, independent of the transport mechanism3-4,
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.

Semiconducting organic molecules are invariably based on flat aromatic units, because
charge transport (CT) is primarily achieved using the delocalized π-orbitals in the
aromatic rings11-12.

The field has made great strides in achieving remarkably high

conductivities, both through logical and heuristic molecular designs that lead to optimal
molecular organizations in the solid state. Concurrently however, there has been a desire
to develop strategies for molecules that have three-dimensional architecture, instead of
the two-dimensional structures that flat aromatic molecules provide. Such an architecture
offers several advantages: (i) molecular packing opportunities to achieve well-controlled
morphologies that are currently not achievable; (ii) isotropic CT, which is useful since a
single material can satisfy active material requirements in a variety of device
configurations; (iii) possibility of temporal and thermal reorganization to equilibrium
morphologies not resulting in loss of CT properties due to molecular reorientation.
The versatility of fullerene derivatives as CT materials is often attributed to the
isotropic shape of the molecule. With this in mind, introducing isotropic CT in organic
semiconductors has indeed gained some attention recently13-14. Prominent among these
approaches is the synthesis of 3D conjugated systems, where several conjugated
molecules are attached to a sp3-center node. Because of the non-conjugated node at the
11

junction point, the π-conjugated systems behave as independent chromophore from the
sense of through-bond electronic delocalization. The hypothesis here is that the 3D
architecture will form a network of through-space intermolecular interactions. Indeed,
there have been many impressive outcomes from these works in that they provide
reasonably high CT, which are attributed to Onsager crosses and prevention of large
crystalline domains15-17. We were inspired by these findings, but were also interested in
providing a simple, spherical particle motif that will provide complementary access to
predictable CT even in blends.

With these motivations, we investigate here the

consequences of decorating a well-established CT functionality onto the surface of an
insulating and spherical polymeric nanoparticle (Figure 2.1). We show there that the
preliminary results from this simple idea suggest that this approach could provide a
convenient avenue for organic charge transport systems with 3D symmetry.

Figure 2.1 Schematic representation of the creation of spherical charge carriers from flat
aromatic molecules

2.2 Results and Discussion
2.2.1 Synthesis and Characterizations
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Naphthalene diimide (NDI) is a prominent example of an entirely flat aromatic
molecule that exhibits significant n-type conductivity18-19. We chose structurally close
NDI derivatives for this study (Scheme 2.1), because both bromoalkyl- and carboxylic
acid moieties are convenient functional handles for incorporation onto a nanostructure.
Both bromoalkyl and carboxylic acid functional groups are complementary to amine
moieties. Thus, we targeted the synthesis of spherical polymeric nanoparticles based on
amine moieties. We have previously reported on the syntheses of polymeric nanoparticle
using a self-crosslinking methodology from random copolymers, which reliably converts
the nanoscopic aggregates into crosslinked nanoparticles using an in situ crosslinking
reaction20-21. This methodology relies on the use of a hydrophilic comonomer and a
hydrophobic comonomer in order to utilize the self-assembly characteristics of the
resultant random copolymer in water. The nature of the random copolymer provides an
intrinsically lower density of surface functional groups, because only the hydrophilic
groups have the possibility of acting as surface functional groups. Therefore, we use here
an amphiphilic homopolymer that has a hydrophilic moiety, and thus the surface
functional group, in every repeat unit of the polymer22. We utilized a thiolactonesubstituted polyacrylate (P1) where the amine-driven ring opening reaction of the
thiolactone was used to generate the protected amine-based amphiphilic homopolymer
P2. This polymer was then treated with TFA to deprotect the carbamate protecting group
to achieve the targeted amine-functionalized polymer P3 (Scheme 2.2).
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Scheme 2.1 Structures of bromoalkyl- and carboxylic acid- naphthalenetetracarboxylic acid diimide (NDI) molecules used in the current study

The amphiphilic homopolymer was then converted into crosslinked nanoparticles
by reaction with dithiothreitol (DTT). The amine functional groups of the nanoparticle
were then treated with NDI-derivatives to afford the corresponding charge transporting
nanoparticle. After purification by dialysis, the functionalized nanoparticles (NP-al and
NP-amC2, C4, C6) were found to be around 90 ± 4 nm in chloroform, as measured by
dynamic light scattering (Figure 2.2).

This size is slightly larger than the amine-

nanoparticles prior to NDI functionalization. This modest increase in size is attributed to
the swelling of the crosslinked nanoparticles in chloroform. Transmission electron
microscopy (TEM) images confirm the spherical shape of the nanoparticles (Figure 2.2).
The solid nature of the polymer particle is different from the vesicular morphology that
was obtained in our prior work22. This was achieved by varying the molecular weight and
the degree of substitution in the polymer.
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a)

b)

Scheme 2.2 Synthesis of amine-based amphiphilic homopolymer (a) and
illustration of polymeric self-assembly and surface modification (b)

a

b

Figure 2.2 TEM images of NDI-functionalized nanoparticles (NP-al (left) and NP-am
(right) (a) and size distribution of amine-based nanoparticle (in water, green), NP-al (in
chloroform, blue), and NP-am (in chloroform, red) (b)
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2.2.2 Charge transport characteristics by field effect transistor (FET)
Next, the CT properties of these nanoparticles were investigated in the field effect
transistor (FET) and space charge limiting current (SCLC) modes. These methods are
complementary in that the FET method measures two-dimensional charge transport along
the plane of the underlying surface in thin films, while the SCLC method measures
transport in the direction perpendicular to the underlying surface. For the FET method,
top-contact OFETs were fabricated. Output and transfer characteristics are summarized in
(Figure 2.3). The contact resistance was observed in most devices thereby, all moblities
are obtained from the linear model analysis. The reason for most of the devices of
current-voltage (drain) curves do no show saturation regime is due to Schottky barrier at
gold and the semiconductor interface. The vacuum work function of gold is -5.1 eV while
lowest unoccupied molecular orbital (LUMO) of most naphthalene diamine are fallen in
between -3.9 and -3.4 eV. The higher of the LUMO level is, the more difficult for
electrons to be injected into the semiconductor. This will limit the number of injected
electrons causing the current cannot reach to the maximum point (saturation). On the
other hand, if the metal electrodes are changed to the metal that is suitable for electron
injection such as Al, the saturation regime may be observed. Electron mobility of
nanoparticles and the corresponding small molecules are compared in Table 2.1. First of
all, note that the charge carrier mobilities were essentially unchanged after attaching it to
the nanoparticle. This is a noteworthy finding, because while the thin film from the small
molecule is mostly made of the charge transporting NDI molecule, the percent space
occupied by the NDI moiety in the nanoparticle is substantially smaller. Here, we
approximately calculated the percent occupied volume of NDI-al by the following: The
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size of the functionalized nanoparticle is close to 90 nm in both NP-al and NP-am based
on dynamic light scattering. Assuming that the nanoparticles have perfect spherical
shape, thereby, the volume of the functionalized is roughly calculated to be 382,000 nm 3.
Then, the length of NDI-al from head to tail is estimated to be 1.8 nm by Molview 3d
model (Figure 2.4). Assuming that 1.8 nm is the length that NDI-al occupying on the
nanoparticle surface, then, the volume taken by NDI-al is calculated to be around 44,000
nm3 which is about 12% of the total volume of the functionalized nanoparticle. More than
88% by volume is occupies by the insulator nanoparticle core. Nonetheless the
functionalized nanoparticle still holds charge transport characteristic close to the small
molecule counterpart. This can be contributed to high surface functionalization of NDI on
the nanoparticle. This logical estimation reveals the potential of utilizing polymeric
nanoparticle as a scaffold for building a spherical nanostructure of charge transport
material. Thus, these results suggest that the polymeric scaffold can provide a template
for converting a flat aromatic molecule into a spherical nanostructure without
compromising their CT characteristics. It is possible that diluting the NDI molecule with
a polyacrylamide simply does not affect its CT. To test this possibility, we tested the
conductivity of a 1:1 blend of the polymer and the small molecule NDI. This mixture did
not exhibit any CT, which suggests that the high density of the NDI moieties placed on
the surface of the homopolymer nanoparticle is a key determinant for the retention of the
CT characteristics.
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a)

b)

c)
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d)

e)

f)
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g)

h)

Figure 2.3 Output (left) and transfer (right) characteristics of OFET devices of a)
NDI-al, b) NP-al, c) NDI-amC2, d) NP-amC2, e) NDI-amC4, f) NP-amC4, g) NDIamC6, and h) NP-amC6

Figure 2.4 Molview 3D model and the length of NDI-al from head to tail estimation
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2.2.3 Charge transport characteristics by space charge limiting current (SCLC)
Next, we were interested in testing whether this observation would also hold in
SCLC measurements. To test this possibility, electron-only devices were fabricated in an
ITO/ZnO/active layer (150nm)/Ca(70nm) architecture. Charge mobility of all materials
was calculated using modified Mott-Gurney equation23-24 where mobility is independent
from field:

√

J is current density, ε is relative permittivity (~3 for organic compound), ε0 is absolute
permittivity, µ0 is zero field mobility, β is Poole-Frenkel factor, E is electric field, and d
is sample thickness. The electron mobility characteristics are summarized in Table 2.2.
Interestingly, here too, the CT characteristics are essentially unchanged from the small
molecule to the nanoparticle, despite the substantial decrease in the volume occupied by
the NDI species in the nanoparticle.
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Table 2.1 Field effect charge carrier mobilities
µeavg
(cm V-1 s-1)

µebest
(cm2 V-1 s-1)

Vthreshold

Ion/off

NDI-al

3.28 ± 1.13 x 10-4

4.58 x 10-4

44 V

105

NP-al

4.35 ± 1.43 x 10-4

6.02 x 10-4

47 V

104

NDI-amC2

1.81 ± 1.40 x 10-7

3.90 x 10-7

13 V

102

NP-amC2

2.11 ± 1.62 x 10-8

4.89 x 10-8

19 V

102

NDI-amC4

2.41 ± 2.36 x 10-5

6.45 x 10-5

24 V

104

NP-amC4

1.38 ± 1.07 x 10-5

2.66 x 10-5

60 V

104

NDI-amC6

8.88 ± 9.14 x 10-6

2.39 x 10-5

36 V

104

NP-amC6

4.08 ± 3.56 x 10-5

8.75 x 10-5

77 V

104

2
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Table 2.2 SCLC charge carrier mobilities
Before annealing

After annealing

µeavg
(cm V-1 s-1)

µeavg
(cm V-1 s-1)

NDI-al

1.2 ± 0.1 x 10-4

3.3 ± 3.0 x 10-5

NP-al

1.0 ± 0.1 x 10-4

1.4 ± 0.3 x 10-4

NDI-amC2

6.6 ± 1.4 x 10-5

7.7 x 10-7 a

NP-amC2

1.7 ± 0.5 x 10-4

1.7 ± 0.4 x 10-4

NDI-amC6

8.6 ± 7.0 x 10-5

5.5 ± 5.0 x 10-5

NP-amC6

9.2 ± 1.5 x 10-5

1.9 ± 0.5 x 10-4

2

2

Figure 2.5 Graph between In (Jsc/E2) and E1/2 of NDI-C2am, NDI-amC6, and NDI-al for
both nanoparticle (NP) and small molecule (NDI) before (left) and after (right)
annealing at 150 oC for 30 min

An interesting observation that highlights the potential advantages of the
nanoparticle morphology was made, when these devices were annealed. Both small
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molecules lose significant amount of charge carrier mobility upon annealing. While
NDI-al loses its mobility by about three times, NDI-am loses its mobility by nearly two
orders of magnitude. Interestingly however, the corresponding nanoparticles do not suffer
any loss in CT characteristics.

The observed insensitivity to thermal annealing is

attributed to the spherical, isotropic morphology that these nanoparticles endow in these
devices. We also analyzed the thin film morphology using atomic force microscopy
(AFM). The images in Figure 2.6 clearly show the rather smooth surfaces obtained from
the nanoparticles, compared to the corresponding small molecules.

The root mean

squared surface roughness from the nanoparticles was found to be ~6.3 nm, compared
~18.4 nm of the small molecules.

Figure 2.6 AFM images of NDI-al (top) and NP-al (bottom) films before (right)
and after (left) annealing at 150 oC for 30 min
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2.2.4 Photovoltaic study
Preliminary study to evaluate the potential of these materials as electron acceptors
in bulk hetero junction organic photovoltaic (BHJ-OPV) was performed. Poly(3hexylthiophene) (P3HT) was used as electron donor and phenyl-C61-butyric acid methyl
ester (PC61BM) was used as controlled acceptor. The inverted OPV cells were fabricated
(ITO/ZnO/P3HT: acceptor (1:1)/MoOx/Ag). The device performances were concluded in
Table 2.3.

Table 2.3 Photovoltaic device properties
Acceptor

Jsc (mA/cm2)

Voc (V)

FF

%Efficiency

NDI-al

0.123

0.28

0.3

0.01%

NP-al

0.368

0.33

0.55

0.07%

NDI-amC2

-

-

-

Device fail

NP-amC2

0.339

0.35

0.56

0.07%

NDI-amC6

0.540

0.36

0.41

0.08%

NP-amC6

0.460

0.3

0.46

0.06%

PCBM

3.40

0.48

0.47

0.75%

Again, NDI-functionalized nanoparticle showed the similar results to their small
molecules counterpart. However, the efficient of the devices was very low. This could be
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contributed to the fact that the frontier energy level of NDI molecule is not
complimentary with P3HT, thus, the charge transfer process is not favor. Besides, the
absorption extinction coefficient of NDI is very small compared to other OSCs used in
OPV so it has much less capability to absorb photons and convert to electric current. To
further improve the results, other OSCs molecules can be replaced NDI molecule such as
perylene which has strong light absorption and it has been used as an acceptor in BHJOPV.
2.2.5 Detection of carbonic anhydrase by field effect transistor
The application of NDI-functionalized nanoparticles was extended to detect
biological compound, human-carbonic anhydrase (HCA). The work was inspired by a
functional bio-interlayer organic field effect transistor (FBI-OFET) in which the
biological compound, streptavidin, was deposited as an interlayer between silicon
substrate and charge conducting material to detect small molecule, biotin25. We were
impressed by FBI-OFET but we would like to extend the detection to large biological
compounds like proteins. Here, we proposed the partially functionalization of the ligand
benzene sulfonamide on NDI-functionalized nanoparticles for detection of protein
carbonic anhydrase. Unfortunately, we found that by only functionalized 5% benzene
sulfonamide on the particle surface, the charge transport property was completely
suppressed. The charge mobility was changed by over 3 magnitudes. This clearly
confirmed that the high density of charge transport material on the particle surface is
essential to maintain CT characteristics.

26

We did not intimidated by the finding but we were continuing to adapt the method
for HCA detection. Interestingly, we found that when P3HT was mixed with nonfunctionalized nanoparticle, its CT characteristics were found to be unchanged. We were
further investigated the morphology by AFM and discovered that the nanoparticle phases
and P3HT phases were evenly separated (Figure 2.7) and it could be the reason for
maintenance of the CT properties. We were motivated by the finding and we proposed to
functionalize the particle with benzene sulfonamide and mix with charge transport
material, P3HT, to detect HCA by FET.

Figure 2.7 AFM image showing the phase separation of P3HT and non-functionalized
nanoparticles

As we expected, the CT characteristics of P3HT showed no alteration when it was
mixed with benzene sulfonamide-functionalized nanoparticle up to 75% of the particles.
The response to HCA was monitored at three different concentrations of HCA, 0.1 µM,
1.0 µM, and 20 µM. There were three parameters that were probed: Ion/Ioff ratio, charge
mobility, and current at VGate and VDrain&source = 100 V. At 20 µM of HCA, all parameters
of FET devices before and after treated with HCA were shown in Table 2.4. Ion/Ioff ratio
and the current at VGate and VDrain&source = 100 V were shown drastically decreased after
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treated with HCA. The decrease in the values was expected because benzene sulfonamide
can bind to HCA causing the absorption of HCA into conductive film. Since HCA is an
insulator, it will affect the performance of FET devices. The decrease in charge mobility
was observed as well but the decrease was small when compared with the other two
parameters. The concentration depended experiment was also studied. The current at V =
100 was monitored at different concentration and the results were summarized in Figure
2.8. The normalized currents were plot against HCA concentration. Surprisingly, when
the concentration was increased, the current was also increased but the results were not
significant due to wide standard deviation.

Table 2.4 Summary of Ion/Ioff ratio, charge mobility, and current at VGate and VDrain&source
= 100 V after treated with 20 µM HCA for 1 hour
Without HCA

With HCA

4.7 ± 3.4 x 103

30 ± 13

Ion/Ioff ratio

Mobility

(cm2 V-1 s-1)
7.2 ± 3.7 x 103

2.7 ± 2.6 x 103

I at Vg & VDS = 100 V (µA)
514 ± 305
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37 ± 25

Figure 2.8 The response to HCA at different concentrations

The detection of carbonic anhydrase by FET was investigated. We showed that
the devices can respond to the present of HCA. In term of qualitative analysis, the results
were promising but there are some control experiments need to be done such as
selectivity of the system. In term of qualitative analysis, the response to different
concentration was not significant. This might be limited by the binding side of the ligand
on the surface which might be saturated and also the size of the protein might limit the
diffusion into the active film.
2.3 Summary
In summary, we have used amphiphilic homopolymer based polymeric
nanoparticles to provide a spherical morphology to two, otherwise flat, aromatic CT
molecules. We show here that despite substantial reduction in the volume occupied by the
charge carrier species in the thin film, the CT characteristics remains unchanged in the
nanoparticle scaffold. A major drawback in anisotropically arranged small molecules is
that equilibrium reorientation of the molecules result in substantial loss in transport
characteristics. We show that incorporating them onto a nanoparticle to convert these
molecules into a spherical, isotropic species, the CT properties remain unchanged.
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Previously, we reported on peripheral charge transport unit functionalized dendrons and
found G1 dendron was a promising molecular architecture for nanoscale solid state
assembly26. Comparing between both techniques, the nanoparticle approach will provide
simple synthesis and straightforward charge transport unit variation through amine
coupling chemistry. Considering the proposal that coassemblies of spherical
nanoparticles can lead to substantially improved device efficiencies in organic solar
cells27-28, we believe that these preliminary findings will have a significant impact in
achieving robust new architectures in organic photovoltaics and other organic electronic
applications.
2.4 Experiments
2.4.1 Instruments
1

H and 13C NMR spectra were recorded by 400 MHz Bruker NMR spectrometer.

Deuterated solvents peaks were used as internal standard peak. Atomic force microscopy
(AFM) images were collected using a digital instrument dimension 3100 atomic force
microscope operating in tapping mode. Transmission electron microscopy images were
captured using JEOL JEM-2000FX operating at 200 KV. Dynamic light scattering (DLS)
measurements were done by a Malvern Nanozetasizer and molecular weight of polymer
was characterized by gel permeation chromatography (GPC).
2.4.2 Materials
All chemicals were purchased from commercial sources and used as received,
unless otherwise mentioned. Tetrahydrofuran (THF) was distilled over sodium.
Thiolactone

acrylamide29,

N-Boc

ethylenediamine
30

and

N-(2-Ethylhexyl)

naphthalenetetracarboxylic monoanhydride monoimide30 were synthesized as previous
reports.
2.4.2.1 Synthesis of Thiolactone polyacrylamide (P1)

Mixture

of

thiolactone

acrylamide

(2.7

g,

16

mmol),

4-Cyano-4-

[(dodecylsulfanylthiocarbonyl) sulfanyl]pentanoic acid (0.13 g, 0.325 mmol), and
azobis(isobutyronitrile) (AIBN, 8 mg, 0.049 mmol) were dissolved in dried THF (15
mL). The solution was degased by four freeze-pump-thaw cycles. The reaction was
sealed and placed into 60 oC pre-heated oil bath and stirred for 12 h. Then, the reaction
was immediately quenched in liquid nitrogen. Additional THF was added and the
polymer was precipitated in methanol. To further purification the polymer was reprecipitated in methanol three times and the precipitate was dried under vacuum to give
light yellow powder (80% yield). GPC (THF) Mn 3,500 g/mol with polydispersity index
of 1.12. 1H NMR (DMSO): δ 4.86-4.31, 3.50-3.11, 2.60-2.34, 2.31-1.90, 1.69-1.15.
2.4.2.2 Synthesis of the amphiphilic homopolymer (P3)
Thiolactone polyacrylamide (1 g) and aldrithiol (11.3 g, 58 mmol) were dissolved
in dimethyl formamide (DMF). Solution of N-boc ethylenediamine (5.0 g, 29 mmol) in
DMF was adding dropwise to the reaction over 45 mins (the solution color turns to
yellow). The reaction was stirred at room temperature overnight. Then, the product was
precipitated in diethyl ether. The precipitated was washed with diethyl ether three times
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to yield light yellow powder. The product was used to the next step without further
characterizations. The polymer was dissolved in chloroform. 10 mL of trifluoroacetic
acid (TFA) was added. The reaction was stirred at room temperature for 6 h. Then, the
solution was concentrated and diethyl ether (100 mL) was added to the solution to
precipitate the product. The solid was separated out and washed with diethyl ether 3
times to give light yellow powder. GPC (DMF) Mn 4,600 g/mol with polydispersity index
of 1.15. (78% Yield) 1H-NMR (DMSO): δ 8.60-8.37, 8.30-7.65, 7.34-7.12, 4.48-4.00,
4.02-3.47, 3.46-3.09, 2.99-2.61, 2.23-1.80, 1.22-0.45.
2.4.2.3 Preparation of amine-based nanoparticles
1.5 mg/mL of 1 in deionized (DI) water was prepared to give the size of polymer
nanoassembly of 50 nm. DL-dithiothreitol (0.5 equivalence) was added to the reaction. It
was stirred at room temperature overnight. By products were removed by dialysis tubing
(molecular weight cut off of ~3,500 Mn) in DI water for 2 days. The solvent was removed
by lyophilizer to give white powder of the nanoparticle.
2.4.2.4 Synthesis of NDI-al
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N-(2-Ethylhexyl) naphthalenetetracarboxylic monoanhydride monoimide (600
mg, 1.59 mmol) and 3-amino-1-propanol (140 mg, 1.75 mmol) was dissolved in DMF
(10mL). The solution was refluxed for 12 h. Water was then added to the reaction. The
solid was collected by filtration and wash with water three times. The crude was dried
under vacuum. The product was further purified by flash column chromatography
(Dichloromethane/Methanol) to get pink solid (400 mg, 60%) 1H-NMR (CDCl3): δ 8.77
(d, 4H), 4.38 (t, 2H), 4.15 (m, 2H), 3.64 (q, 2H), 2.62 (t, 1H), 2.02 (m, 2H), 1.94 (m, 1H),
1.25-1.45 (m, 8H), 0.94 (t, 3H), 0.88 (t, 3H).
The previous product (200 mg, 0.46 mmol) was dissolved in THF. The solution
was cooled downed to 0 oC and methane sulfonylchloride (0.17 mL, 2.30 mmol) was
added to the solution. The solution was warm up to room temperature and stirred for 3 h.
The solvent and excess reagents were removed under vacuum. The crude was dissolved
in THF and lithium bromide was added in portions to the reaction. It was refluxed for
another 10 h. Solvents was removed and the crude product was purified by flash column
chromatography (Dichloromethane /Methanol) to yield the light yellow solid (150 mg,
65%) 1H-NMR (CDCl3): δ 8.77 (d, 4H), 4.37 (t, 2H), 4.15 (m, 2H), 3.51 (t, 2H), 2.36 (t,
2H), 1.94 (m, 1H), 1.25-1.45 (m, 8H), 0.94 (t, 3H), 0.88 (t, 3H).

13

C-NMR (CDCl3): δ

163.1, 163.0, 131.1, 131.0, 126.8, 126.3, 44.6, 39.8, 37.9, 31.1, 30.7, 30.2, 28.6, 24.0,
23.0, 14.1, 10.6 EI/Mass: Calc. 498.1154 found 498.1130
2.4.2.5 Synthesis of NDI-amC2
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1, 4, 5, 8-napthalenetetracarboxylic dianhydride (400 mg, 1.49 mmol) and glycine
(168 mg, 2.24 mmol) were dissolved in DMF. The reaction was heat to 140 oC and stirred
for 10 h. 2-ethyl-1-hexylamine (0.25 mL) was added to the reaction and it was stirred for
further 6 h. The reaction was then cooled down to room temperature. Water was added to
the solution and the product was extracted by dichloromethane. The organic phase was
dried over Na2SO4. The product was further purified by flash column chromatography
(Dichloromethane/Methanol) to yield yellow solid (138 mg, 21%) 1H-NMR (CDCl3): δ
8.78 (d, 4H), 5.02 (s, 2H), 4.15 (m, 2H), 1.94 (m, 1H), 1.25-1.45 (m, 8H), 0.94 (t, 3H),
0.88 (t, 3H), ESI/Mass: Calc. 436.1634 found 436.1626
2.4.2.6 Synthesis of NDI-amC4

N-(2-Ethylhexyl) naphthalenetetracarboxylic monoanhydride monoimide (600
mg, 1.59 mmol) and ϒ-amino butyric acid (180 mg, 1.75 mmol) were dissolved in DMF
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(10mL). The solution was refluxed for 12 h. Water was then added to the reaction. The
solid was collected by filtration and wash with water three times. The crude was dried
under vacuum. The product was further purified by flash column chromatography
(Dichloromethane/Methanol) to get white-pink solid (464 mg, 63%) 1H-NMR (CDCl3): δ
8.76 (d, 4H), 4.29 (t, 2H), 4.14 (m, 2H), 2.50 (t, 2H), 2.11 (m, 2H), 1.94 (m, 1H), 1.251.45 (m, 8H), 0.93 (t, 3H), 0.88 (t, 3H). 13C-NMR (CDCl3): δ 176.9, 163.2, 163.0, 131.1,
131.0, 126.7, 126.4, 44.6, 39.9, 37.9, 31.2, 30.7, 28.6, 24.0, 23.1, 23.0, 14.1, 10.6
ESI/Mass: Calc. 464.1947 found 464.1932
2.4.2.7 Synthesis of NDI-amC6

N-(2-Ethylhexyl) naphthalenetetracarboxylic monoanhydride monoimide (165
mg, 0.44 mmol) and Ɛ-amino caproic acid (86 mg, 0.656 mmol) were dissolved in DMF
(5 mL). The solution was refluxed for 12 h. Water was then added to the reaction. The
solid was collected by filtration and wash with water three times. The crude was dried
under vacuum. The product was further purified by flash column chromatography
(Dichloromethane/Methanol) to get white-pink solid (151 mg, 70%) 1H-NMR (CDCl3): δ
8.78 (s, 4H), 4.20 (t, 2H), 4.14 (m, 2H), 2.39 (t, 2H), 1.94 (m, 1H), 1.74 (m, 4 H), 1.50
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(m, 2 H)1.25-1.45 (m, 8 H), 0.93 (t, 3H), 0.88 (t, 3H). 13C-NMR (CDCl3): δ 178.5, 163.2,
162.8, 131.0, 126.7, 126.6, 126.5, 44.6, 40.6, 37.9, 33.6, 30.7, 28.6, 27.7, 26.4, 24.3, 24.0,
23.0, 14.1, 10.6 EI/Mass: Calc. 492.2260 found 492.2236.
2.4.2.8 Synthesis of NDI-acid chloride derivatives
For all NDI-amC2, NDI-amC4, and NDI-amC6, the carboxylic acid group was
converted to highly reactive acid chloride to future functionalize onto amine-based
nanoparticle. NDI was dissolved in chloroform and 5x mole excess of thionyl chloride
was added. The reaction was refluxed 6 h. The excess reagent and solvent was removed
under vacuum to give NDI-acid chloride derivatives in quantitative yield.
2.4.2.9 Synthesis of NDI-functionalized nanoparticle
Amine-based nanoparticle was dispersed in chloroform (2 mg/mL). The solution
was vigorously stirred and put in ultra sonicator for 30 mins. Then, 10x mole excess of
NDI (acid chloride derivatives or NDI-al) compared to amine functional groups was
added to the dispersion. The reaction was stirred at room temperature for 10 h and triethyl
amine was added to neutralize the dispersion. The excess reagent was removed by
dialysis tubing (molecular weight cut off of ~3,500 Mn) in dichloromethane for 2 days.
The solvent was evaporated to yield powder-like solid.
2.4.3 Organic field effect transistor fabrication
The pre-patterned n-doped silicon substrate organic field effect transistor (OFET)
devices were purchased from Fraunhofer Institute for photonic microsystem IPMS. The
OFET architecture was bottom contact gold electrode. The channel width of all
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transistors was 10 mm. The channel length was 2.5, 5, 10 or 20 μm. The capacitance of
the insulator is 14.9 nF cm-2 for 230 nm of SiO2. The protective layer on OFET devices
was removed by washed with acetone three times and the device was dried under inert
atmosphere. Organic thin films were deposited on the surface by spin coating of 1 mg
mL-1 chloroform solution at 1000 RPM for 60 s and then they were dried at room
temperature in a glove box. All devices were analyzed by using an Agilent 4165C
precision semiconductor parameter analyzer under inert atmosphere at room temperature.
2.4.4 Space charge limiting current device fabrication
ITO coated glass were washed in acetone, ethanol and isopropanol in an
ultrasonic bath respectively. ITO surface was treated with UV-ozone for 15 min. A zinc
acetate precursor solution which prepared from the solution of zinc acetate dihydrate (196
mg) and ethanolamine (54 μL) in ethanol (stirred for 2 hr at 45 oC before use) was spin
cast onto the cleaned substrates at 4,000 rpm for 60 s. The devices were then heated on a
hot plate at 180°C for 60 min. The coated substrates were used for spin-coating active
layer in glove box with a controlled atmosphere (O2, H2O < 0.1ppm) as following
procedure: 1 mg mL-1 solution in chloroform was coated on the substrates at at 1000
RPM for 60 s and solvent was allowed to evaporate at room temperature in the glove box
(100-150 nm of active layer thickness). The substrates were transferred to thermal
evaporator. A 70 nm thick calcium layer was deposited onto the substrate at rate of 0.1
nm s-1 under vacuum (10-6 bar). The devices were characterized by Keithley 2600 series
multimeter.
2.4.5 Thermal gravimetric analysis (TGA)
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3 mg of the nanoparticle was placed in platinum pan. The sample was heated up
to 600 oC in air at rate of 10 oC per 1 minute. TGA thermogram was recorded. The
observed 3% weight loss at the beginning before 100 oC was due to the moisture in the
cross-linked polymer. The polymer started degrading after 200 oC. This result confirmed
that the polymer is not decomposed at annealing temperature.
2.4.6 Differential scanning calorimetry (DSC)
2 mg of nanoparticle was placed into aluminum pan. The sample was equilibrated
and heated at rate of 10 oC per minute. DSC thermograms were recorded. Since the
nanoparticle was prepared from cross-linked polymer, phase transitions such as glass
transition or polymer melting were not expected to be observed. The DSC thermogram
also confirmed that there is no phase transition detected between 20 oC to 160 oC.
2.4.7 Study of Nile red adsorption on cross-linked nanoparticle
1 mg of the nanoparticle was dispersed in 2 mL of chloroform. Nile red was
added into the mixture in excess. It was stirred at 60 oC for 24 h. The mixture was cooled
down to room temperature and was then transferred into dialysis tube (Molecular weight
cut off of 3,500). It was dialysis against chloroform for 3 days. The absorption and
emission spectra were recorded. The results showed that the dye molecule was almost
completely removed after 2 days. The UV absorption was not able to detect the presence
of Nile red and only small fluorescent signal was observed. This is the evidence to
confirm that there is no small molecule encapsulated or adsorbed into the nanoparticle.
2.4.8 Organic photovoltaic device fabrication
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ITO coated glass were washed in acetone, ethanol and isopropanol in an
ultrasonic bath respectively. ITO surface was then exposed to UV-ozone for 15 min. ZnO
sol-gel solution was spin cast onto the cleaned substrates at 4,000 rpm for 60 s. The
devices were then heated on a hot plate at 180°C for 60 min. The coated substrates were
used for spin-coating active layer in glove box with a controlled atmosphere (O2, H2O <
0.1ppm) as following procedure: 10 mg mL-1 solution of P3HT and acceptors were
prepared in chloroform. 0.5 mL from each solution was mixed and was coated on the
substrates at 1000 RPM for 60 s and solvent was allowed to evaporate at room
temperature in the glove box. The substrates were then transferred to thermal evaporator.
A 7 nm thick of MoOx was directly deposited on the substrate at rate of 0.1 nm s-1.
Followed by a 100 nm thick silverlayer layer, which was deposited onto the substrate
under vacuum (10-6 bar) at rate of 0.5 nm s-1. The devices were characterized by using a
K.H.S SolarCelltest-575 solar simulator with AM1.5G filters set at 100 mW cm‐1.
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CHAPTER 3
FLUORESCENCE ENHANCEMENT THROUGH INCORPORATION OF
FLUOROPHORES IN POLYMERIC NANAOPARTICLES
Khomein, P.; Swaminathane, S.; Young, E. R.; Thayumanavan, S. Fluorescence
Enhancement Through Incorporation of Chromophores in Polymeric Nanoparticles. J.
Inorg. Organomet. Polym. 2018 28, 407–413 - Reproduced by permission of The
Springer Nature.
DOI: 10.1007/s10904-017-0670-1
3.1 Introduction
Fluorescence microscopy is a powerful analytical tool and has been used routinely
to gather structural information of biomolecules. It relies on the excitation of the
fluorescent dyes that are attached to a molecule of interest and their emission that follows
excitation. In fact, a variety of fluorescent dyes have been developed for this purpose,
which has already resulted in the development of biological assays1-2, sensing and
diagnostic protocols3-4. However, the use of organic fluorescent dyes to study biological
systems has limitations. Many organic fluorophores possess inherent cytotoxicity4-6. In
addition, they have 1) limited water solubility, 2) poor fluorescence quantum yield and 3)
ability to lose its fluorescent property due to aggregation or self-quenching depending on
its environment. To circumvent these problems, encapsulation or immobilization of
fluorescent dyes into nanoparticles have been utilized. A plethora of examples that
utilizes the surface-modification of metal-based nanoparticles such as silica7-8, gold9-10,
and zinc oxide11-12 is known in the literature. The incorporation of fluorescent dyes onto
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the metal surface has significantly advanced the field of bio imaging. In fact, it has led to
the development of a novel field of investigation called “metal enhanced fluorescence
(MEF)”13-14. The ability of metallic nanoparticles to enhance the fluorescence efficiency
of commonly available fluorophores is a promising approach to address the inherent
limitations of organic fluorophores.
Developing new strategies to engineer the fluorescent properties of organic
fluorophores could further expand the implications of fluorescence microscopy as an
imaging

technique.

In

this

context,

fluorescence

modulation

using

surface-

functionalization of polymeric nanoparticles could be a complementary approach to the
existing MEF pathway. This strategy has not gained much attention presumably due to
the poor efficiency of the surface functionalization reactions. Typically, polymeric
nanoparticles are used as nano-carriers to encapsulate guest molecules15. Once
encapsulated, the local environment surrounding the fluorophores dictates their emissive
behavior. Therefore, changing the local environment around a fluorophore can alter its
emissive properties. However, this approach might be problematic as the encapsulated
fluorescent dyes can also undergo self-quenching. Alternatively, fluorophores can be
incorporated on the surface of polymeric nanoparticle to modulate their fluorescence.
Based on these considerations, our group, recently, has developed an amphiphilic
homopolymer (1), which is capable of forming either micelle-like aggregates16 or
vesicles17 under aqueous environment. The polymer was designed in such a way that the
amine functional groups that are available on the particle surface can be utilized to
incorporate organic fluorophores. Herein, we report the incorporation of two fluorophores
onto the surface of a polymeric nanoparticle and discuss the effect of this incorporation
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upon their fluorescent properties. We show that the preliminary results from this study
could serve as a viable alternative to manipulate fluorescent signals of fluorophores
similar to the MEF strategy.

Scheme 3.1 Illustration of polymeric assembly and its surface modification

3.2 Results and Discussion
3.2.1 Synthesis and Spectroscopy
Amphiphilic polymer (1) was synthesized following a literature protocol16. After
crosslinking the polymer with DTT, the particles were functionalized with pyrene and
anthracence chromophores respectively by reacting acid chlorides of 4 and 5 with 1a
(Scheme 3.2). The size distribution of the resulting polymeric nanoparticles was
characterized by DLS and TEM (Figure 3.1). After surface functionalization, the particles
exhibited poor dispersibility in water. Therefore, the size of Py-S, Py-L, Ant-S and AntL were measured in chloroform. The particle size in chloroform was higher than that of
the particle size in water. The increase in size was attributed to the swelling of the
crosslinked nanoparticles in the organic solvent. For Py-S and Py-L, the particle sizes
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increased from 12 to 17 nm and 50 to 90 nm, respectively. This change was found to be
similar in the case of Ant-S and Ant-L. Transmission electron microscopy (TEM)
images indicated that the morphology of the nanoparticles is spherical.

Scheme 3.2 Structures of n-propyl amide- and carboxylic acid- of pyrene (2, 4) and
anthracene (3, 5) used in this study

Figure 3.1 Size distributions by DLS of smaller size (a) and larger size (b) particles.
TEM images of Py-S (c) and Py-L (d)
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To understand the effect of rigidity imposed by the nanoparticles on the
chromophores, we compared the fluorescence behavior of Py-L to their small molecule
counterparts. It is well known that pyrene molecules exhibit excimer emission when they
are closely packed. Indeed, the solid state emission spectra of Py-L, 2, and 4 revealed the
presence of excimer emission suggesting that the chromophores, in the solid state, are in
close proximity to one another (Figure 3.2). However, the emission intensity of Py-L and
the small molecules are quite different. In fact, the emission intensity of Py-L is slightly
higher than that of the small molecule counterpart even though their optical densities
were similar. In addition, a small red shift is observed in the emission maximum of Py-L.
This spectral change is due to the successful incorporation of pyrene moieties onto the
nanoparticle surface. In stark contrast to Py-L, the solid state emission spectra of LowPyL (LowPy-L was prepared by limiting the acid chloride derivative of 4 to 0.5 eq) showed
both monomer and excimer emission peaks. This interesting finding, suggest that pyrene
fluorophore can exist in two different environments. Therefore, this result is due to the
difference in the functional group density on the surface of these particles. Indeed, the
high density of the pyrene functional groups in Py-L results in significant excimer
formation while the low density of pyrene functional groups in LowPy-L results in poor
excimer formation. To further understand this behavior, we performed fluorescence
quantum yield and lifetime measurements.

48

Figure 3.2 Solid state emission spectra of a) Py-L and their small molecule
counterparts and b) Py-L and LowPy-L

3.2.2 Fluorescence quantum yield
The emission spectra of Py-L, 2, and 4 recorded in THF show characteristic
pyrene fluorescence. The wavelength of emission maximum and the relative fluorescence
quantum yield of these compounds are shown in Table 3.1. The slight red shift in the
spectrum of the Py-L compared to 4, once again, indicates the successful
functionalization of the particles with pyrene moieties.

Table 3.1 Emission peaks and quantum yield of Py-L, Py-S, and their small molecule
counterparts
Entry

em(nm)

Py-L

407, 428

F

Batch 1

0.73

Batch 2

0.68

Batch 3

0.45

Py-S

407, 427

0.28±0.06

2

407, 421

0.23±0.04

4

399, 419

0.28±0.08
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The quantum yield (F) of Py-S was found to be in the range of 0.2-0.3. This is
very similar to the F of the small molecules 2 and 4 recorded under identical conditions.
Interestingly, F calculated for Py-L, was higher compared to 2 and 4. These results
indicate that the particle with greater swelling provides a rigid environment for the
pyrene fluorophores compared to the particles that do not swell much. Intrigued by this
finding, we were curious to know if this fluorescence enhancement can be extended to
other fluorescent dyes. Anthracene was chosen as a model due to its structural similarity
to pyrene. Specifically, we functionalized acid chloride of 5 onto the surface of 1a and
studied its emission spectrum in ethanol. The results are shown in Table 3.2. To our
surprise, conjugation of anthracene on the surface of the particles did not result in
fluorescence enhancement. These results suggest that anthracene is less sensitive to the
changes in its local environment compared to pyrene. To further validate our hypothesis,
we examined the fluorescence behaviour of pyrene and anthracene in solvents of varying
viscosity. Specifically, emission spectra recorded in dichloromethane (DCM), dimethyl
sulfoxide (DMSO), and glycerol revealed a direct correlation between solvent viscosity
and fluorescence enhancement (Table 3.3). We observed that increase in solvent viscosity
led to increase in pyrene’s fluorescence intensity (Figure 3.3). Consistent with our
hypothesis, anthracene’s fluorescence was not affected much. To further establish the
role played by these particles, we functionalized pyrene fluorophores onto the polymer
chain (1) instead of the particles (1a). The polymer after functionalization was
completely soluble in THF and did not result in a supramolecular assembly. Furthermore,
F was found to be similar to 2 and 4. These observations indicate that both particle
formation and particle size contribute significantly towards fluorescence enhancement.
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Table 3.2 Quantum yield of Ant-L, Ant-S, and 3
Entry

F

Ant-L

0.13±0.01

Ant-S

0.13±0.01

3

0.14±0.01

Table 3.3 Solvent-dependent quantum yield

Entry

Solvent

Viscosity18 (cP, 25 oC)

F

Pyrene

DCM

0.41

0.10

DMSO

1.99

0.39

Glycerol

934

0.70

DCM

0.41

0.25

DMSO

1.99

0.28

Glycerol

934

0.34

Anthracene
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Figure 3.3 Absorption and fluorescent spectra of anthracene (a,b) and pyrene (c,d) in
dichloromethane (DCM), dimethylsulfoxide (DMSO), and glycerol

3.2.3 Fluorescence life time study
In order to verify if the observed increase in F is a result of the rigid environment
provided by the particles, we carried out fluorescence lifetime measurements. F is
inversely related to knr as shown in the following equation F = kr/(kr+knr), where kr is
rate of radiative decay and knr is rate of non-radiative decay. As a result, increase in
rigidity of the fluorescent dye will lead to a decrease in knr such as rotational or
vibrational decays resulting in enhanced F. Besides, τ is related to knr in the form of τ =
1/( kr+knr). Thus, increase in rigidity will result in increased τ as well.
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Table 3.4 Fluorescence life time characteristics
Entry

F

Χ2

α

f

16(α1),

0.83(f1),

1.8(α2)

0.17(f2)

19(α1),

0.92(f1),

τ (ns)

Py-L
Batch 2

Batch 3

5.1(Τ1),

0.68

1.00
9.7(Τ2)
4.8(Τ1),

0.45

1.07

0.82(α2)

0.08(f2)

10(Τ2)

Py-S

0.28±0.06

-

1

1.21

5.0

2

0.23±0.04

-

1

1.09

4.7

A fluorescent life time exponential decay equation: I(t) =
t, α = pre-exponential factor, and τ is fluorescent life time

(-t/τ)

𝑖 𝛼 ie

; I(t) = intensity at time

Time-correlated single-photon counting (TCSPC) experiments were carried out to
get the fluorescence lifetime values. All decay curves were successfully fitted with mono
and bi exponential decay where Χ2 values were in proximity to 1. Pre-exponential factors
(α), intensity fraction (f) and life time (τ) values are reported in Table 3.4. The decay
curves of 2 and Py-S were perfectly fitted to mono exponential decay function and the
calculated life times were 4.7 and 5.0 ns, respectively. Both compounds exhibited
comparable τ values as expected, since their F were similar to each other. Presumably,
the surface functionalized pyrene units experience an environment similar to the one its
small molecule counterpart experience in THF. On the other hand, emission intensity of
Py-L, (both batch 2 and 3) decays biexponentially with lifetimes around 5 and 10 ns. The
biexponential decay could be a result of the coexistence of pyrene units in two distinct
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environments. The species with lesser lifetime was the dominant fraction among the two.
The τ value of ~5.0 ns for the dominant species closely resembles that of 2 indicating that
most of pyrene molecules on the surface do not experience a rigid environment.
However, the less dominant long lived species exhibits a τ value that is twice as high as
that of the 2 and is responsible for the increase in fluorescence intensity. Consistently, F
is high in case of batch 2, where, the smaller long-lived species becomes more prominent.
The increase in fluorescence intensity could be due to the population of the pyrene units
that are buried inside the particle. We hypothesize that the particle interior (Py-L)
provides a rigid environment which translates into high F. The difference in fluorescence
enhancement among the two particles can be explained on the basis of surface area to
volume ratio. The larger particles have less surface area but provide more room in its
interior that contains pyrene functionalities. In smaller particles on the other hand, most
of the pyrene units are present on their surface because of its large surface area (Figure
3.4). We therefore envisage that it is the pyrene units that are present within these
interiors that exhibit higher fluoresecence quantum efficiency and longer lifetimes in PyL.

Figure 3.4 Illustration of Py-L with pyrene units on the surface and the interior and
Py-S with pyrene units on the surface
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3.3 Summary
In summary, we have synthesized polymeric nanoparticles with pyrene and
anthracene functionalized surfaces that differ in size. The quantum yield and lifetime
properties of these decorated nanoparticles were analyzed and compared with their small
molecule counterparts. The results revealed that both the size of nanoparticles, as well as
the degree of modification of their surface, affect the fluorescent properties of the
attached dyes. These findings present a complementary strategy to alter the fluorescent
properties of fluorophores in comparison to the metal-based fluorescence enhancement
pathways.
3.4 Experiments
3.4.1 Materials and methods
All chemicals were purchased from commercial sources and used as received,
unless otherwise mentioned. Anthracene was recrystallized two times from ethanol prior
to use. Tetrahydrofuran (THF) was distilled over sodium. Thiolactone acrylamide, N-Boc
ethylenediamine and Thiolactone polyacrylamide were synthesized according to previous
reports16. 1H and 13C-NMR spectra were recorded with a 400 MHz Bruker spectrometer.
Deuterated solvent peaks were used as internal standard. Transmission electron
microscopy images (TEM) were captured using JEOL JEM-2000FX operating at 200
KV. Dynamic light scattering (DLS) measurements were performed using a Malvern
Nanozetasizer and molecular weight of polymer was calculated by gel permeation
chromatography (GPC).
3.4.2 Synthesis of amphiphilic homopolymer (1)
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The synthesis of the amphiphilic homopolymer (1) was carried out as reported
previously in chapter 2 to give light yellow powder polymer. GPC (DMF) Mn 4,600
g/mol with a polydispersity of 1.15.1H-NMR (DMSO): δ 8.60-8.37, 8.30-7.65, 7.34-7.12,
4.48-4.00, 4.02-3.47, 3.46-3.09, 2.99-2.61, 2.23-1.80, 1.22-0.45.
3.4.3 Preparation of cross-linked nanoparticles (1a)
15 mg of the amphiphilic homopolymer was dispersed in 10 mL deionized (DI)
water. The size of the nanoassembly was ascertained to be 50 nm by DLS. DLdithiothreitol (DTT, 0.5 equivalents) was added to the reaction mixture and stirred at
room temperature overnight. By products were removed by dialysis (MWCO ~3,500 Da)
against DI water for 2 days. The resulting solution was lyophilized to obtain a white
powder. Similarly, the smaller size particle was prepared by dispersing 15 mg of the
polymer in 10 mL of 0.01 M HCl solution to yield nanoparticles of size 12 nm.
3.4.4 Synthesis of pyrene functionalized nanoparticles (Py-S and Py-L)
1-pyrenecarboxylic acid (4) was converted to its corresponding acid chloride
derivative by reacting with thionyl chloride. 2 mg/mL dispersion of the 1a was prepared
in chloroform. 10-fold excess of the acid chloride of 4 compared to the amine functional
group on 1a was added to the dispersion. The reaction was heated up to 60 oC and stirred
for 6 h. Triethylamine (10 eq.) was then added dropwise to the reaction mixture and
stirred for 12 h at RT. The resulting dispersion was purified by dialysis (MWCO : 3500
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Da) against chloroform for 2 days. The product was dried under vacuum to yield a light
yellow powder.
3.4.5 Synthesis of anthracene surface-functionalized nanoparticle (Ant-S and Ant-L)
Ant-S and Ant-L were synthesized following the same procedure mentioned
above using the corresponding acid chloride of 5.
3.4.6 Synthesis of N-propyl-1-pyrene carboxamide (2)

130 mg (0.53 mmol) of 4 was dissolved in 3 mL of chloroform. 1.6 mL (22
mmol) of thionyl chloride was added to the solution. It was stirred at 60 oC for 20 h. The
excess thionyl chloride was removed under vacuum. The obtained acid chloride was
dissolved in chloroform (3 mL). 0.4 mL (4.9 mmol) of n-propylamine was added to it and
stirred at 60 oC for 2 h. Triethylamine (0.7 mL, 5 mmol) was added dropwise to the
reaction mixture and stirred for another 12 h at 60 oC. The solvent was removed under
reduced pressure and the crude product was purified by column chromatography
(hexane/ethyl acetate) to yield 2 as a light yellow powder (100 mg, 66% yield). 1H-NMR
(CDCl3): δ 8.57 (d, 1H), 8.23 (d, 2H), 8.17-8.05 (m, 6H), 6.14 (board, 1H), 3.61 (q, 2H),
1.76 (m, 2H), 1.09 (t, 3H). 13C-NMR (CDCl3): δ 170.0, 132.4, 131.4, 131.1, 130.7, 128.7,
128.6, 128.4, 127.1, 126.3, 125.8, 125.7, 124.7, 124.4, 124.3, 41.98, 23.06, 11.57.
ESI/Mass: Calc. 310.1208 Found 310.2028 (M+Na+).
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3.4.7 Synthesis of N-propyl-1-anthracen carboxamide (3)

100 mg (0.45 mmol) of 1-anthracenecarboxylic acid (5) was dissolved in
chloroform (3 mL). Then, thionyl chloride (1.3 mL, 18 mmol) was added to the solution
and the reaction mixture was stirred at 60 oC for 20 h. The excess thionyl chloride was
removed under vacuum. The crude product was re-dissolved in chloroform (3 mL). 0.3
mL (4 mmol) of n-propylamine was added and it was stirred at 60 oC for 2 h followed by
an addition of triethylamine (0.55 mL, 4 mmol). The reaction was stirred for another 12 h
at 60 oC. Crude product was purified by column chromatography (hexane/ethyl acetate)
to yield 3 as a light yellow powder product (70 mg, 60% yield). 1H-NMR (CDCl3): δ 8.48
(s, 1H), 8.07 (d, 2H), 8.01 (d, 2H), 7.50 (m, 4H), 6.08 (board, 1H), 3.67 (q, 2H), 1.77 (m,
2H), 1.07 (t, 3H).

13

C-NMR (CDCl3): δ 169.5, 132.1, 131.1 128.5, 128.1 128.0 126.9,

126.8, 126.7, 125.5, 125.1, 41.92, 23.03, 11.58. ESI/Mass: Calc. 264.1388 Found
264.2084 (M+H+)
3.4.8 Relative quantum yield study
Absorption and emission spectra were recorded with a Perkinelmer Lamda 35
UV-Vis spectrometer and LS-55 Fluorescent spectrometer using quartz cuvettes with a
path length of 1.0 cm respectively. Fluorescence quantum yields F) were determined
with anthracene standard19. All photophysical measurements were collected from dilute
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solutions with optical density (OD) around 0.01-0.05 at an absorption wavelength of 330
nm. Emission spectra were recorded from 350-700 nm with an excitation wavelength of
330 nm. The quantum yield measurements were carried out under identical conditions
and calculated by the following equation:

Where A is area under emission peak, OD is optical density, n is solvent’s
refractive index, and  is quantum yield.
3.4.9 Fluorescence life time study
The fluorescence decays were studied by time-correlated single photon counting
system (TCSPC) using an ISS Chronos BH time-resolved fluorescence spectrometer with
290 nm LED lamp without filter and 20 ns pulse duration. All characterizations were
done using dilute solutions with optical density (OD) around 0.01-0.05 at an absorption
wavelength of 330 nm in a quartz cuvette (1 cm path length). Non-diary creamer was
used to define instrument response function (IRF). Data analysis was carried out using
Vinci software. Normal and reduced chi-squared value (Χ2) were calculated to evaluate
the quality of fitting model between single, double, or triple exponential decay functions.
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CHAPTER 4
OPTIMAL POSITION OF RESPONSIVE UNITS ON TRI-COMPONENT
COPOLYMER VESICLES FOR TUNING MOLECULAR RELEASE
4.1 Introduction

Scheme 4.1 Schematic diagram of designed polymeric vesicle assemblies and
possibilities associated with triggered molecular release events

Amphiphilic block copolymer that can self-assemble in water has gained lots of
interest to scientist and has been studied extensively in both academia and industry. Such
polymers have the capability of generating various morphologies starting from simple
spherical micelle, rods, and vesicle, to complex morphology like Janus particle micelle.
This unique feature opens up many possible applications including but not limited to
biomedical delivery1-3, sensors4-6, electronic devices7-9, and catalyst10-12. In general, the
polymer self-assembly is driven by the three factors related to the free energy of the
system: the degree of stretching of the polymer chain, the curvature and interfacial
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tension energy13. Therefore, the morphology of the self-assembly can be manipulated by
polymer composition, concentration, and/or the nature of common solvents which
directly influence the thermodynamic properties of the system.
Polymer vesicles or polymersomes are one of the most studied morphologies in
the past two decades14-15. Typically, the polymer vesicles are hollow sphere with
hydrophilic interior and hydrophobic membrane providing the ability to encapsulate both
hydrophilic and hydrophobic guest molecules. Many efforts have been made to develop
the simple hollow sphere to the “smart” or responsive vesicles that can respond to an
input external stimulus causing the change in their physicochemical properties resulting
in an output response. The external stimuli including light16, pH17, and biological
compounds18 have been explored in literature to show promising applications in
biomedicine19, sensors20 and actuators21. Commonly, the responsive vesicles are used as
vehicles to carry the active molecules for delivery to the target site and/or protection from
the harsh environment or non-designed interactions. The control over the molecular guest
release is desired to achieve to particular functions. For instance, in targeted drug
delivery, the encapsulated drug is expected to release rapidly at only disease site in order
to achieve optimal therapeutic outcomes and minimal toxic side effects. Whereas,
sustained drug release is desired in some cases such as diabetes to reduce the dosing
frequency. The release of the cargo molecules inside the vesicle usually occur through
disruption of vesicle membranes, morphology transition, or swelling of the membranes
induced by external stimuli. Some achievements have been made to address the ability to
control molecular release. For example, Armes and co-workers22 have reported the use of
dynamic covalent chemistry to regulate the release of encapsulated nanoparticles in
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vesicles. Previously, we reported the controlled release systems that can be triggered by
chemically

stimulated

de-crosslinking23

or

light-induced

actuation

at

vesicle

membranes21. Although, many studies have reported the development of new functional
smart vesicle for controlled release, the underlying fundamental structural features of
such responsive vesicles for molecular release have not yet been clearly understood.
To address this, we are interested to investigate a simple design rule for
responsive vesicles of tri-components copolymer and ask “how does the position of
responsive units in polymeric backbone affect the response of the vesicle?” We designed
several tri-components copolymers incorporating hydrophilic, hydrophobic, and
responsive units in the polymer backbone. While forming vesicles, it is expected that
hydrophobic parts will be contributed to the vesicle membranes while the hydrophilic
parts will be decorated on the exterior and interior surface of the particles. There are three
possible positions for responsive units in which they can locate i) in hydrophilic segment,
ii) in hydrophobic membrane, iii) as an interface between hydrophilic and hydrophobic
parts. The responsive functionality in the polymer was chosen to be pH sensitive due to
ease of synthesis and handle. Diisopropylamine group is responsive to acidic pH. At
neutral or basic condition, this group is considered to be hydrophobic, while at acidic pH,
the amine gets protonated to create quaternary ammonium salt turning itself to become
hydrophilic. The pH responsive polymers were designed to form vesicle by controlling
the hydrophilic/hydrophobic compositions. The triggering by acid will cause the shift of
hydrophilic/hydrophobic balance leading to membrane swelling, morphology transition,
and/or vesicle rupture. We monitored the rate of guests release to observe the transitions
triggered by acid. If the vesicle is ruptured, we should see the burst release. However, if
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the transition is through membrane swelling or morphological changes, the release rate is
expected to be slower. Herein, we report the release rate of vesicles which contained pH
responsive units in three different positions and have discussed the effect of the positions
on molecular guest release kinetics. This study could provide fundamental design rules
for controlled molecular release in polymeric vesicles.
4.2 Results and Discussion
4.2.1 Synthesis and characterizations

Scheme 4.2 The structures of tri-component polymers 1 - 6

The pH-responsive amphiphilic block copolymers were designed and synthesized
in which poly(poly(ethylene glycol) methyl ether acrylate) (PPEGA) or poly(2hydroxylethyl acrylate) PHEA unit was used as a hydrophilic segment, polybutyl acrylate
was represented as a hydrophobic segment, and poly(2-(diisopropylamino) ethyl acrylate)
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(PDIPA) was served as a pH-responsive segment. The polymers 1-6 were designed as
follows: for polymers 1 and 4, the responsive groups were randomly in the hydrophobic
segment; for polymers 2 and 5, the responsive groups were in between the hydrophilic
and the hydrophobic blocks and lastly, for polymers 3 and 6, the responsive groups were
randomly distributed in the hydrophilic segment (Scheme 4.2).
Solvent addition method was used to form the assembly in water for polymers 16. The size distribution of the polymer assembly was characterized by DLS (Figure 4.1a).
For the polymers 1-3, the assembly size was in the range of 70-90 nm. On the other hand,
the size of polymers 4-6 was over 1 µm. In addition, the optical microscope was utilized
to confirm the size and was found to be in the range of 1-5 µm (Figure 4.1b).

Figure 4.1 Size distribution of the polymer assembly 1-6 (a) and an optical
microscope image of the assembly 4 (b)

Interestingly, the aggregate sizes of polymers 1-3 were over 10 times smaller than
polymers 4-6. There are many factors that can influent the assembly of the polymer
aggregate resulting in the difference in size such as preparation method, polymer
composition, nature of common solvents, and polymer concentration13. Nonetheless, the
copolymer composition ratio between hydrophilic and hydrophobic of polymers 1-6 was
synthesized in such a way that the hydrophilic content is in proximity (7-11%wt) and
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both preparation method and polymer concentration are identical in all cases. Thus, the
possible factors could be the nature of the common solvents and/or the difference in the
polymer structure of the hydrophilic segment where PPEGA was in 1-3 and PHEA was in
4-6.
Acetone and DMF were used as common solvents to prepare polymer assembly
for polymer 1-3 and 4-6 respectively. To investigate the effect of the common solvents on
the aggregate size, the polymer assemblies of 1-3 were prepared in DMF. If the nature of
the common solvents is the reason behind the difference in size of the two set of these
polymers, the bigger particle should be observed in the case of DMF. However, the
aggregate sizes of the polymer assembly of 1-3 were still in the range of 70-90 nm.
Although we cannot prepare the polymer assembly of 4-6 in acetone due to solubility
issue, it is sufficient to conclude that the difference in common solvents (acetone and
DMF) has no influent on the nature of the assemblies.
The difference in the particle size could contribute to the distinct in the
hydrophilic polymer structure. PPEGA is a polymer with long PEG moieties with 8-9
repeating units of ethylene glycol so this polymer possesses a comb-like structure. In
contrast, PHEA contains short hydroxyl ethyl moieties which can be considered as a
linear structure. There are two factors that can be used to explain the difference of the
size in these two polymer assembly systems: 1) the interfacial tension between the
hydrophobic core and water surrounded the core, and 2) the repulsive interaction among
corona-forming hydrophilic chain. The tension energy is high when there is more watercontacted surface of the assembly. Since small particles have higher surface to volume
ratio than large particles so the small particle will have more interfacial tension energy
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than the large particles. In contrast, the repulsive interaction of the corona can be
minimized in small particles rather than large particle due to its high curvature providing
more space to each corona.
Given that, in the case of the polymer assemblies 1-3, the comb-like hydrophilic
polymer is bulkier than the linear polymer, so the repulsive interaction is dominant in this
system. This results in the polymer assembly forming smaller aggregates than the linear
hydrophilic system. On the other hand, the polymer assemblies 4-6 have linear
hydrophilic corona which is less bulky resulting in low repulsive energy. Therefore, in
order to favor the interfacial tension energy, these polymers form larger assemblies.

Figure 4.2 Cryo-TEM images of polymer assembly 3 (Scale: 50 nm)

Next, we studied the morphological patterns of these polymer assemblies. CryoTEM was employed to analyze the morphology of polymer assembly 1-3 (Figure 4.2).
Interestingly, the assemblies consist of some vesicle-type morphology and along with
some broken particles showing the hollow structure inside the solid particles. This
eventually proves the hollow core inside the apparent solid particle suitable for guest
encapsulation.
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The vesicular morphology was further confirmed by determining the ratio
between radius of gyration (Rg) and hydrodynamic radius (Rh). This ratio is referred to
the shape factor in which 0.77 is for solid sphere, 1.00 indicates hollow sphere, and 1.54
dictates random-coil morphology of the polymer24. Static light scattering was used to
evaluate Rg values while Rh was achieved from DLS. Indeed, the polymer assemblies of
1-3 have the shape factor of 1.05, 1.04, and 0.97, respectively (Figure 4.3) which support
the vesicular morphology.

Figure 4.3 Static light scattering plots for polymer assemblies 1(a)-3(c)

In addition, the vesicle structure should have capability of encapsulation for both
hydrophilic and hydrophobic guest molecules. Calcein is used as a hydrophilic
fluorescent guest molecule due to its self-quenching characteristics at high local
concentration when located inside the vesicle core. UV-Vis absorption and emission
spectra of the polymer assemblies were shown in Figure 4.4. The fluorescent quenching
of the calcein for all three assemblies suggested that the hydrophilic guest molecules
70

were encapsulated inside the assemblies. To study the hydrophobic guest encapsulation,
nile red was encapsulated during the formation of polymer assemblies. The absorption of
the nile red confirmed the hydrophobic molecules guest encapsulation in polymer
assemblies 1-3 (Figure 4.5).

Figure 4.4 Absorption (a) and emission spectra (b) of free calcein and
encapsulated calcein in polymer assemblies

Figure 4.5 Absorption spectra of encapsulated nile red in polymer assemblies 1-3
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Figure 4.6 Absorption spectra of encapsulated nile red (a) and calcein (b) in polymer
assemblies 4-6

In case of polymer assemblies 4-6, they were also able to encapsulate both calcein
and nile red (Figure 4.4 and 4.6). Since the sizes of the assemblies were over 1 µm,
confocal laser scanning microscopy (CLSM) was utilized to confirm the morphology of
these assemblies. The CLSM images were shown in Figure 4.7. The images clearly
demonstrated that the assemblies were vesicle in which the red fluorescent from nile red
occupied the membranes and the green fluorescent of calcein stayed in the water pool
inside the vesicles. The co-localization of nile red and calcein resulting in yellow further
confirmed the location of hydrophobic and hydrophilic dyes. Since acetone was used as a
solvent for nile red and it is known to impart good solubility for the polymers, we
inferred that the partial penetration of nile red from the assembly-membrane with calcein
in core of the vesicles resulted in such co-localization of red and green channels.
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Figure 4.7 Confocal images of polymer assembly 4 (a-c), 5 (d-f), and 6 (g-i): red
channel (a,d,g), green channel (b,e,h) and merge channel (c,f,i)

Figure 4.8 Confocal images of Z-stack series (a-p) of polymer assembly 4 in water
at concentration of 1 mg/mL, 0.25 µm increments
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4.2.2 Kinetic study of encapsulated guest release
The assembly morphology for all polymers was confirmed to be vesicle structure.
Next, the effect of the position of the pH-responsive group was investigated. Three
different structures were designed to understand the mechanism of the molecular release
of vesicle by molecular trigger. It is reasonable to hypothesize that the random
incorporation of the responsive groups in hydrophobic will have the greatest impact since
hydrophobicity is the driving force for the polymer assembly. When the pH is triggered
to acidic condition, DIPA units will be protonated and switched from hydrophobic amine
to hydrophilic ammonium salt. The change in hydrophilic-lipophilic balance directly in
the vesicle membrane could result in burst release of guest molecules due to vesicle
rupture. However, the accessibility of the trigger molecule (proton diffusion) will be
hindered which could be a barrier for the trigger response. On the other hand, the
randomly incorporation of the responsive groups in hydrophilic part will grant the
accessibility to the trigger molecule but the impact to the morphology would be small
since the change in hydrophilic-lipophilic balance is outside the vesicle membrane. By
having the responsive moieties as a block polymer at the interface between hydrophilic
and hydrophobic segment could be the compromised structure where the accessibility and
the influent to the hydrophobicity is in moderate degree.
To understand the positional effect of the responsive groups in the assemblies on
molecular release properties, hydrophilic guest release was monitored by fluorescent
spectroscopy. Calcein was used as a hydrophilic guest molecule. Since the calcein
fluorescent was quenched when they are encapsulated inside the vesicle, the recovery of
their fluorescent signal will be observed as the molecule release after triggering by acidic
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environment. Indeed, the recovery of the fluorescent was observed when the pH was
adjusted to 4 in all polymer assemblies implying that the calcein was releasing out of the
vesicle (Figure 4.9). In contrast, when the pH was at neutral (7-8) there was no recovery
of the fluorescent observed (Figure 4.10). For polymer 4-6, the control experiment
showed the decrease in fluorescent signal due to particle precipitation. The rate of the
recovery was then monitored over the time and was calculated based on the slope of the
linear region of the release profile. The calcein release profiles of the assemblies 1-3 were
shown in Figure 4.10. Calcein was slowly and constantly released from the polymer
assembly 1 with a linear slope of 0.009 while the assembly 2 displayed faster release
compared to 1 with a linear slope of 0.029. The fastest release was observed to be from
the assembly 3 with a linear slope of 0.0.059. The rate of the release fell in the trend in
which it could be controlled by the accessibility of the proton to the responsive units.
Since the assembly 3 possesses the most exposed responsive groups where they were
designed to be randomly in hydrophilic part, it shows the fastest release. On the other
hand, the assembly 1 with the responsive groups buried inside the hydrophobic
membrane has the slowest release as a result of the least accessibility of the proton. The
assembly 2 with the responsive group in the interface between hydrophilic and
hydrophobic moieties shows moderate release kinetics which fell in between the fastest
and the slowest rate.

75

Figure 4.9 Normalized fluorescence intensity recovery of calcein in acidic condition for
polymer assemblies 1(a)-6(f)
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Figure 4.10 Normalized fluorescence intensity recovery of calcein in neutral
condition for polymer assemblies 1(a)-6(f) (control experiment)
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Figure 4.11 Release profile of calcein and linear regression fit for polymer
assemblies 1(a, d), 2 (b, e) and 3(c, f), respectively

To further confirm the results, the rates of the release of the assemblies 4-6 were
also monitored. We were curious if the comb-like hydrophilic polymer might affect to the
molecular release since it has the larger volume compared to linear one. This could result
in the thick and dense hydrophilic layer in the case of 1-3. The release profiles and linear
regression fit were shown in Figure 4.12. Assembly 6 with the responsive group
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randomly positioned in the hydrophilic part showed the fastest release with a slope of
0.0432. This demonstrates the same trend as in the case of assembly 3. Similarly, the rate
of release from assembly 5 was faster than assembly 4 which also exhibited identical
trends compared to assemblies 1 and 2. This result confirmed that the location of
responsive group can contribute to control guest release.

Figure 4.12 Release profile of calcein and linear regression fit for polymer
assemblies 4 (a, d), 5 (b, e) and 6 (c, f), respectively
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The release of hydrophobic guest molecule was also monitored. Nile red was
encapsulated inside the hydrophobic membrane of the assemblies. The response to the pH
change from neutral to acidic condition was observed by the absorption of nile red. Since
the solubility of nile red in water is very poor, it will precipitate once it get released out
of the assemblies and a decrease in the UV-Vis absorption should be observed.
Interestingly, the stability of all assemblies decreased after the encapsulation of nile red
in which the assembly precipitation was observed in all cases. The release of the nile red
was not significant after pH triggering for all assemblies. The changes in the absorption
spectra are mostly due to the precipitation (Figure 4.10). This result suggested that the
assemblies after triggered by pH were not completely disassembled.
To further confirm this result, the morphology transition was analyzed at pH 4
after 2 days by CLSM for the assemblies 4-6 (Figure 4.14). The morphology of the
assemblies 5-6 remained as vesicle with the comparable red fluorescent intensity at
vesicle membrane but significantly less green fluorescent intensity inside the vesicle
water pool. The size also became smaller compared to the vesicles before acid triggering.
This was expected as the hydrophobic amine was shifted to the hydrophilic quaternary
ammonium salt under acidic pH. This will increase the volume of hydrophilic part
resulting in the shrink of the vesicle to reduce the repulsive energy of the corona
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Figure 4.13 Absorption spectra of encapsulated nile red at neutral pH (a-c) and
at pH 4 (d-f) of polymer assemblies 1 (a, d), 2 (b, e), 3 (c, f) at concentration of 1
mg/mL

Interestingly, the morphology of the assembly 4 completely changed from vesicle
to needle like structure. This observation was expected as the assembly 4 is the only one
having the responsive units randomly in the hydrophobic membrane. Thus, it is most
likely to have significant impact on the morphology shift because of the change of
hydrophobic to hydrophilic of the responsive groups happening directly in the
hydrophobic membrane. In addition, since the assemblies were not completely
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dissembled, the nile red was still encapsulated into the hydrophobic pocket and only
calcein was released. This result was in agreement with the molecular release studies.

Figure 4.14. The confocal fluorescence microscopy images of the assemblies 4 (a,
d), 5 (b, e) and 6 (c, f) at neutral pH (top) and after 2 days at pH 4 (bottom).

4.3 Summary
The positional effect of pH-responsive groups on block copolymer vesicles was
studied for manipulating molecular guest release. Three different positional variations
were designed where the responsive groups were i) randomly in hydrophobic segment, ii)
in a polymer block between hydrophobic and hydrophilic blocks, and iii) randomly
distributed in hydrophilic part. We found that the rate of the hydrophilic guest molecule
can be manipulated by fundamental structure design. By incorporating the responsive
units in the hydrophilic part will result in the fastest release because the responsive
groups are more exposed to the acid-trigger molecule. On the other hand, the
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incorporation of the responsive units in hydrophobic part will show the sustained
molecular release. We also found that by changing the structure of the hydrophilic
polymer from comb-like to linear polymer will cause the increase of the vesicle size.
These studies present the fundamental structure design onto the controlled molecular
release.
4.4 Experiments
4.4.1 Materials and Methods
All chemicals were purchased from commercial sources and used as received,
unless otherwise mentioned. Tetrahydrofuran (THF) was distilled over sodium.
Poly(ethylene glycol) methyl ether acrylate (Mn 480), 2-hydroxyethyl acrylate and nbutyl acrylate were passed through basic aluminium oxide prior to use. 1H and 13C NMR
spectra were recorded with a 400 MHz Bruker spectrometer. Deuterated solvent peaks
were used as internal standard. Transmission electron microscopy images (TEM) were
captured using JEOL JEM-2000FX operating at 200 KV. Dynamic light scattering (DLS)
measurements were performed using a Malvern Nanozetasizer and molecular weight of
polymer was calculated by gel permeation chromatography (GPC).
4.4.2 Synthesis of 2-(diisopropylamino) ethyl acrylate (DIPA)

3.0 mL (17 mmol) of 2-(diisopropylamino) ethanol and 3.6 mL (26 mmol)
triethylamine were dissolved in THF. The solution was cooled down in an ice bath for 30
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min. 2.1 mL (26 mmol) of acryloyl chloride was added dropwise to the solution. The
reaction was stirred at room temperature for 20 h under inert atmosphere. White
precipitate was separated out by filtration and the product was purified by flash column
chromatography (hexane/ethyl acetate) to yield light yellow viscous liquid (2.4 g, 72%).
1

H-NMR (CDCl3): δ 6.39 (d, 1H), 6.15 (dd, 1H), 5.80 (d, 1H), 4.08 (t, 2H), 2.99 (m, 2H),

2.67 (t, 2H), 1.00 (d, 12H).

13

C-NMR (CDCl3): δ 166.1, 130.3, 128.6, 65.3, 49.3, 43.6,

20.8. ESI/Mass: Calc. (C11H21NO2+H+) 200.1651 found 200.2012.
4.4.3 Synthesis of poly(poly(ethylene glycol) methyl ether acrylate) (PPEGA
macroinitiator)

2.0 g (4.2 mmol) of poly(ethylene glycol) methyl ether acrylate (Mn 480), 0.13 g
(0.42 mmol) of cyanomethyl dodecyl trithiocarbonate and 6 mg (0.04 mmol) of
azobisisobutyronitrile (AIBN) were stirred together for 30 min at room temperature.
Three cycles of freeze-pump-thaw were performed. The reaction was then placed in
preheated oil bath at 80 oC and it was stirred for 20 h under inert atmosphere. The
reaction was quenched in liquid nitrogen and crude product was dissolved in acetone. The
solution was dialyzed (molecular weight cut off 3,500 g/mol) against acetone for 2 days.
The solvent was removed under vacuum to yield yellow viscous liquid (1.6 g, 80%). 1HNMR (CDCl3): δ 4.25-4.05, 3.66-3.56, 3.54-3.48, 3.36-3.32 (30H), 2.50-2.30, 2.00-1.50,
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1.20 (b), 0.84 (t, 3H). GPC (THF) Mn 5,100 g/mol with a polydispersity of 1.05. Mn (1HNMR) 4,800 g/mol (repeating unit = 10)
4.4.4 Synthesis of block copolymer 1 (PPEGA-b-P[DIPA-r-BuA])

0.10 g (0.021 mmol) of PPEGA, 0.64 g (3.2 mmol) of DIPA, 0.54 g (4.2 mmol) of
butyl acrylate, and 0.3 mg (2 µmol) of AIBN were stirred until they were completely
homogenous. The polymerization was done in a similar manner as reported in the
synthesis of PPEGA and it was dialyzed (molecular weight cut off 12,000-14,000 g/mol)
against acetone for 2 days. The solvent was removed under vacuum to give light yellow
viscous liquid (0.55 g, 43%). 1H-NMR (CDCl3): δ 4.20-4.12, 4.10-3.88, 3.70-3.60, 3.583.52, 3.40-3.36 (30H), 3.05-2.91, 2.66-2.54, 2.40-2.20, 1.98-1.82, 1.70-1.54, 1.42-1.30,
1.06-0.98 (1260H), 0.96-0.90 (405H).

13

C-NMR (CDCl3): δ 174.7-174.0, 71.9, 70.6,

66.3, 64.5-64.3, 59.0, 49.4, 43.4, 41.7-40.9, 30.6, 20.8, 19.1, 13.7. GPC (THF) Mn 28,000
g/mol with a polydispersity of 1.45. Mn (1H-NMR) 41,000 g/mol (x = 10, y = 105, z =
135)
4.4.5 Synthesis of block copolymer 2 (PPEGA-b-PDIPA-b-PBuA)
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0.10 g (0.021 mmol) of PPEGA, 0.64 g (3.2 mmol) of DIPA, and 0.3 mg (2 µmol)
of AIBN were stirred until all solids were dissolved. The polymerization and purification
were done in a similar manner as in the synthesis of 1 to give light yellow viscous liquid
of the di-block copolymer (0.35 g, 47%).

1

H-NMR (CDCl3): δ 4.22-4.10, 4.04-3.86,

3.70-3.58, 3.56-3.52, 3.40-3.34 (30H), 3.06-2.90, 2.70-2.54, 2.40-2.22, 2.00-1.82, 1.721.56, 1.06-0.94 (1620H). Mn (1H-NMR) 31,800 g/mol (x = 10, y = 135).
The di-block copolymer was further polymerized with butyl acrylate in the same
way as 1 to yield 2: 0.35 g (0.011 mmol) of the di-block copolymer, 0.18 g (1.4 mmol) of
butyl acrylate, and 0.2 mg (1 µmol) of AIBN. Conversion = 75%. 1H-NMR (CDCl3): δ
4.20-4.12, 4.10-3.88, 3.68-3.60, 3.57-3.53, 3.39-3.37 (30H), 3.04-2.92, 2.66-2.57, 2.402.22, 2.00-1.80, 1.71-1.54, 1.43-1.31, 1.06-0.97 (1620H), 0.97-0.90 (315H).

13

C-NMR

(CDCl3): δ 174.7-174.0, 71.9, 70.6, 65.2, 64.5-64.3, 59.0, 49.3, 43.4, 41.7-40.9, 30.6,
20.9, 19.1, 13.7. GPC (THF) Mn 30,500 g/mol with a polydispersity of 1.45. Mn (1HNMR) 44,000 g/mol (x = 10, y = 135, z = 105).
4.4.6 Synthesis of block copolymer 3 (P[PEGA-r-DIPA]-b-PBuA)
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0.1 g (0.21 mmol) of poly(ethylene glycol) methyl ether acrylate (Mn 480), 0.83 g
(4.2 mmol) of DIPA, 6 mg (0.021 mmol) of cyanomethyl dodecyl trithiocarbonate and
0.3 mg (2 µmol) of AIBN were stirred until all solid were dissolved. The polymerization
and purification were done in s similar fashion as reported in the synthesis of 1 to give
the random copolymer as light yellow liquid (0.32 g, 34%). 1H-NMR (CDCl3): δ 4.254.12, 4.05-3.86, 3.72-3.60, 3.57-3.52, 3.40-3.36 (33H), 3.05-2.92, 2.68-2.54, 2.42-2.22,
1.99-1.82, 1.72-1.56, 1.12-0.97 (1104H). Mn (1H-NMR) 23,600 g/mol (x = 11, y = 92).
The random copolymer was further polymerized with butyl acrylate in the same
way as 1 to yield 3: 0.32 g (0.014 mmol) of the random copolymer, 0.54 g (4.2 mmol) of
butyl acrylate, and 0.2 mg (1 µmol) of AIBN. Conversion = 68 %. 1H-NMR (CDCl3): δ
4.24-4.13, 4.12-3.88, 3.69-3.60, 3.57-3.52, 3.39-3.36 (33H), 3.04-2.92, 2.66-2.56, 2.402.22, 1.99-1.80, 1.70-1.54, 1.44-1.30, 1.06-0.97 (1194H), 0.97-0.90 (693H).

13

C-NMR

(CDCl3): δ 174.7-174.0, 71.9, 70.6, 65.2, 64.5-64.2, 59.0, 49.3, 43.4, 41.6-41.0, 30.6,
20.9, 19.1, 13.7. GPC (THF) Mn 38,000 g/mol with a polydispersity of 1.55. Mn (1HNMR) 53,000 g/mol (x = 11, y = 92, z = 231).
4.4.7 Synthesis of poly(2-hydroxyethyl acrylate) (PHEA macroinitiator)
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2.0 g (17 mmol) of 2-hydroxyethyl acrylate, 0.13 g (0.42 mmol) of cyanomethyl
dodecyl trithiocarbonate and 6 mg (0.04 mmol) of AIBN were stirred together until all
solids were dissolved. The polymerization and purification were done in a similar manner
as in the synthesis of PPEGA to give yellow viscous liquid polymer (1.5 g, 75 %). %. 1HNMR (DMSO-d6): δ 4.82-4.71, 4.06-3.94 (b, 60H), 3.61-3.51 (b, 60H), 3.32, 2.39-2.19,
2.08, 2.66-2.56, 1.89-1.74, 1.70-1.40, 1.24, 0.85 (t, 3H). Mn (1H-NMR) 3,500 g/mol
(repeating unit = 30).
4.4.8 Synthesis of block copolymer 4 (PHEA-b-P[DIPA-r-BuA])

0.1 g (0.03 mmol) of PHEA, 0.89 g (4.5 mmol) of DIPA, 0.54 g 0.48 g (3.8
mmol) of butyl acrylate, and 0.5 mg (3 µmol) of AIBN were stirred until they were
completely homogenous. The polymerization and purification were done in a similar
fashion as in the synthesis of 1 to give 4 as light yellow viscous liquid (0.6 g, 40%). 1HNMR (CDCl3): δ 4.11-3.89, 3.84-3.70 (60H), 3.10-2.90, 2.72-2.56, 2.42-2.20, 2.00-1.80,
1.72-1.52, 1.42-1.32, 1.10-0.97 (1344H), 0.96-0.89 (225H). 13C-NMR (CDCl3): δ 174.7174.0, 65.3, 64.7-64.2, 49.7-49.2, 43.4, 41.7-41.0, 30.6, 21.0-20.5, 19.1, 13.7. GPC
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(THF) Mn 20,000 g/mol with a polydispersity of 1.87. Mn (1H-NMR) 35,000 g/mol (x =
30, y = 112, z = 75).
4.4.9 Synthesis of block copolymer 5 (PHEA-b-PDIPA-b-PBuA)

0.10 g (0.03 mmol) of PHEA, 0.89 g (4.5 mmol), and 0.5 mg (3 µmol) of AIBN
were stirred until all solids were completely dissolved. The polymerization and
purification were done in a similar manner as in the synthesis of 1 to give the di-block
copolymer as light yellow viscous liquid (0.40 g, 40%). 1H-NMR (CDCl3): δ 4.08-3.88,
3.84-3.70 (60H), 3.08-2.90, 2.70-2.56, 2.42-2.20, 2.00-1.80, 1.72-1.52, 1.10-0.97
(1356H). Mn (1H-NMR) 35,000 g/mol (x = 30, y = 113)
The di-block copolymer was further polymerized with butyl acrylate in the same
way as 1 to yield 5: 0.40 g (0.011 mmol) of the di-block copolymer, 0.28 g (2.2 mmol) of
butyl acrylate, and 0.2 mg (1 µmol) of AIBN. Conversion = 77%. 1H-NMR (CDCl3): δ
4.15-3.85, 3.05-2.90, 2.70-2.55, 2.40-2.20, 2.00-1.80, 1.72-1.53, 1.44-1.30, 1.06-0.97
(1620H), 0.97-0.90 (597H).

13

C-NMR (CDCl3): δ 174.7-174.0, 65.2, 64.7-64.2, 49.7-

49.2, 43.4, 41.7-41.0, 30.8-30.4, 21.0-20.5, 19.1, 13.7. GPC (THF) Mn 38,000 g/mol with
a polydispersity of 1.62. Mn (1H-NMR) 51,000 g/mol (x = 10, y = 113, z = 199).
4.4.10 Synthesis of 2-(tert-butyldimethylsiloxy)ethyl acrylate
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2.1 g (18 mmol) of 2-hydroxylethyl acrylate and 5 mL (36 mmol) of triethylamine
were dissolved in chloroform. 3.0 g (20 mmol) of tert-butyldimethylsilyl chloride was
added to the solution. The reaction was stirred at room temperature under inert
atmosphere for 20 h. The product was purified by flash column chromatography
(hexane/ethyl acetate) to yield colorless liquid (7.4 g, 88 %). 1H-NMR (CDCl3): δ 6.42
(dd, 1H, J = 44 Hz, 4 Hz), 6.14 (dd, 1H, J = 44 Hz, 26 Hz), 5.83 (dd, 1H, J = 26 Hz, 4
Hz), 4.23 (t, 3H), 3.85 (t, 3H), 0.89 (s, 9H), 0.067 (s, 6H).

13

C-NMR (CDCl3): δ 166.1,

130.7, 128.4, 65.7, 61.2, 25.8, 18.3, -5.4. ESI/Mass: Calc. (C11H22O3Si+H+) 231.1416
found 231.1790.

4.4.11 Synthesis of block copolymer 6 (P[HEA-r-DIPA]-b-PBuA)

0.20 g (0.87 mmol) of 2-(tert-butyldimethylsiloxy)ethyl acrylate, 0.87 g (4.4
mmol) of DIPA, 8 mg (0.029 mmol) of cyanomethyl dodecyl trithiocarbonate and 0.5 mg
(3 µmol) of AIBN were stirred until all solid were dissolved. The polymerization and
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purification were done in a similar fashion as reported in the synthesis of 1. The polymer
was then stirred with 1 M tetrabutyl ammonium fluoride in THF at room temperature for
8 h. The product was further purified by dialysis (molecular weight cut off 12,000-14,000
g/mol) against acetone for 2 days to yield the random copolymer as light yellow liquid.
1

H-NMR (CDCl3): δ 4.05-3.85, 3.83-3.70, 3.43-3.32 (56H), 3.08-2.91 (138H), 2.74-2.55,

2.45-2.23, 2.00-1.82, 1.75-1.57, 1.52-1.38, 1.06-0.97, 0.85 (t, 3H). Mn (1H-NMR) 17,000
g/mol (x = 28, y = 68).
The random copolymer was further polymerized with butyl acrylate in the same
way as 1 to yield 6: 0.55 g (0.032 mmol) of the random copolymer, 0.50 g (3.9 mmol) of
butyl acrylate, and 0.5 mg (3 µmol) of AIBN. Conversion = 70 %. 1H-NMR (CDCl3): δ
4.14-3.85, 3.83-3.70, 3.45-3.37 (56H), 3.10-2.91 (138H), 2.75-2.55, 2.45-2.20, 2.00-1.82,
1.75-1.54, 1.52-1.30, 1.06-0.98, 0.97-0.89 (318H).

13

C-NMR (CDCl3): δ 174.8-174.0,

65.4-65.1, 64.7-64.1, 49.7-49.2, 43.4, 41.7-41.0, 30.7-30.4, 21.0-20.5, 19.1, 13.7. GPC
(THF) Mn 24,000 g/mol with a polydispersity of 1.25. Mn (1H-NMR) 30,000 g/mol (x =
28, y = 68, z = 106).
4.4.12 Preparation of polymersomes and dyes encapsulation
The polymersomes and dyes encapsulations of 1-3 were prepared as followed: 5
mg of the polymer was dissolved in 2 mL of acetone. 200 µL of 1 mg/mL calcein
solution in water was added to this step for hydrophilic dye encapsulation. 0.1x
phosphate buffer solution was added to the solution using syringe pump at rate of 0.25
mL/h over 20 h. The solution was then dialyzed (molecular weight cut off 12,000-14,000
g/mol) against 3:1 saturated sodium bicarbonate solution: water for 1 day and water for 2
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days. For hydrophobic dye encapsulation, 200 µL of 1 mg/mL nile red solution in
acetone was added after the dialysis step and acetone was allowed to evaporate from the
mixture at room temperature for 1 day. The final mixture was filtered through 0.45 µm
PTFE filter to give the final product which has the final polymer concentration close to 1
mg/mL.
For polymer 4-6, the preparation was as described: 5 mg of the polymer was
dissolved in 2 mL of N, N-dimethylformamide. 200 µL of 1 mg/mL calcein solution in
water was added to this step for hydrophilic dye encapsulation. 0.1x phosphate buffer
solution was added to the solution using syringe pump at rate of 0.25 mL/h over 12 h.
The solution was then dialyzed (molecular weight cut off 12,000-14,000 g/mol) against
3:1 saturated sodium bicarbonate solution: water for 1 day and water for 2 days. For
hydrophobic dye encapsulation, 200 µL of 1 mg/mL nile red solution in acetone was
added after the dialysis step and acetone was allowed to evaporate from the mixture at
room temperature for 1 day. The final mixture was filtered through Whatman®
filterpaper grade 1 to give the final product which has the final polymer concentration
close to 1 mg/mL.
4.4.13 Dye release study
The release of calcein (hydrophilic dye) encapsulated inside polymersome at
acidic condition was monitored by fluorescent spectroscopy. Briefly, 0.5 mL of 1 mg/mL
polymersome containing only calcein was mixed with 0.5 mL of pH 4.0 buffer solutions
(0.05 M of potassium biphthalate). The fluorescent was immediately collected by LS-55
fluorescent spectrometer. The emission spectra were recorded from 490 nm to 700 nm
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with an excitation wavelength of 450 nm. The spectra were continually measured for 4-7
days.
The release of nile red (hydrophobic dye) at acidic pH was monitored by
absorbance spectroscopy. Concisely, 0.5 mL of 1 mg/mL polymersome containing only
nile red was mixed with 0.5 mL of pH 4.0 buffer solutions. The absorbance spectrum was
immediately recorded by PerkinElmer Lamda 35 UV-Vis spectrometer and it was
continuously recorded for 2 days.
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CHAPTER 5
OLIGOMER AS UV-TRIGGERS FOR RESPONSIVE LIQUID CRYSTAL
Kim, Y-K.; Raghupathi, K. R.; Pendery, J. S.; Khomein, P.; Sridhar, U.; de Pablo,
J. J.; Thayumanavan, S.; Abbott, N. L. Oligomers as Triggers for Responsive Liquid
Crystals. Langmuir, 2018, 34, 10092−10101 - Reproduced by permission of the
American Chemical Society.
DOI: 10.1021/acs.langmuir.8b01944
5.1 Introduction

Scheme 5.1 Illustration of anchoring transition of UV-responsive oligomers at
LC/water interface

Developments of artificial responsive systems by mimicking the design found in
nature have been gained lots of interest recently1-6. The nature has designed advance and
complex responsive functions by utilizing supramolecular structure, involving signaling
molecules, using multiple interactions to delivery biochemical information. For example,
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the response of the touch-me-not plant to the mechanical force is the process that give the
feedback to the mechanical stimulus through dynamic and non-equilibrium structures
leading to the shrinking of their leafs. The response happens as a consequence of multi
scale signal amplification by means of cascade events7-9. The work in this context was
inspired by such that system and we would like to develop the artificial that can undergo
the signal amplification process and bridge between micro-scale and macro-scale events.
Liquid crystal (LC) is anisotropic condensed phases that possess properties of
both solid crystal and liquid10-11. In other word, LC has mobility like fluid but their
molecules can be orderly oriented in crystal-like way. Thermotropic LC is temperature
sensitive LC in which the delicate cooperative ordering of LC occurs at certain
temperature range. Phase of the thermotropic LC that we studied is nematic phase since
this phase has been shown long range orientational order. The LC molecules align along
a preferred direction called the director, gives rise to elasticity and tendency of the LC
director to assume an unperturbed, homogeneously aligned state. At the boundaries of a
LC, the orientation assumed by the LC is dependent upon the so-called anchoring of the
LC molecules at that interface, and deviations away from the preferred orientation are
energetically unfavorable. However, if the anchoring energy at the interface is large
enough, the orientation of LC will be reordered to favor the anchoring energy. For
example, 4-cyano-4’-pentyl biphenyl (5CB) which is nematic LC will display planar
anchoring at the interface between water and LC rather than homeotropic anchoring
(perpendicular alignment to the interface) event if the preferred orientation is
perpendicular to the interface12-13. Both monomers14-17 and polymers18-23 have been
reported to adsorb to LC interfaces and trigger changes in ordering of the LCs that lead to
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easily quantified optical signals. Due to this unique long range ordering transition
induced by anchoring at the interface of LC, we were interested to integrate this system
with responsive amphiphiles for developing artificial responsive system.
Recently, we have reported the interactions of oligomeric amphiphiles (O1-O3)
with the interface of LC film24. The structures were shown in Figure 5.1. We were
interested to see how the degree of oligomerization may impact to the immiscibility of
the amphiphiles to the LC films. There were three key observations which is summarized
in Figure 5.2: First, all three oligomers exhibit the same progression of orientational and
phase states, but the concentrations at which they are observed and their lifetimes are
dramatically different depending on the degree of oligomerization. Second, with increase
in the initial concentration of all three oligomers in the aqueous solution, we observed a
decrease in the time taken to transition to the homeotropic state and to the coexisting N
and I phases, indicating that the rate of uptake of the oligomer onto the interface of the
LC and into the bulk of the LC film is concentration dependent. Third, for a fixed
concentration, with increase in degree of oligomerization, we measured the dynamics of
the anchoring transition to the homeotropic orientation to accelerate while the N (N =
homeotropic anchoring)-to-N+I or N+I-to-I (I = isotropic) phase transitions slowed. For
example, at the same concentration (0.2 mM), we measured the transition to the
homeotropic orientation to be completed at 3.4 hours for O1, 2.7 hours for O2, 1.2 hours
for O3, whereas the N(H)-to-N+I phase transition occurred at 3.6 hours for O1, 4.9 hours
for O2, and 41.9 hours for O3. These distinct dynamics exhibited by the oligomers lead
to the important conclusion that an increase in degree of oligomerization will i) promote
interactions of oligomers with LCs at the LC/aqueous interface to cause the homeotropic
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orientation but ii) suppresses the absorption of oligomers into the bulk of the LC films.

Figure 5.1 Oligomeric structures of O1(a)-O3(c)

Figure 5.2 a-c) Schematic illustrations of LC film contacting with an aqueous solution
containing oligomeric amphiphiles, yielding an anchoring transition from a) a planar
to b) a homeotropic ordering at LC/aqueous interfaces and then c) a phase transition
from a nematic to an isotropic phase. d-f) Time-dependent anchoring and phase
transitions of the LC films in aqueous solutions with d) O1, e) O2, and f) O3 as a
function of their concentrations. P, H, N+I, and I indicate nematic films with planar
(yellow bar) and homeotropic anchoring (purple bar) at LC-aqueous interface,
formation of isotropic droplets (green bar, nematic-isotropic coexistence phase), and
complete transition to isotropic phase (blue bar), respectively
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With that initial study, we found that the trimer O3 exhibited the most stable
homeotropic anchoring at the interface. Thus, we were interested to incorporate the
responsive functionality onto the trimer in which when the trimer get triggered by
specific stimuli, it will cause the trimer to desorb from the interface. Then, it will induce
the long range ordering transition of the LC film from homeotropic to planar anchoring
due to the increase in the interfacial energy between water and the LC. This process is the
connection between the micro-scale event which is the recognition of the trimer and
macro-scale output which is the change in the orientation of the LC film. The process is
amplified by the cascade of realignment of the LC molecules starting from the interface
to the bulk of the materials. To test the hypothesis, we selected to incorporate the UVresponsive unit since light is a clean source, controllable, precise, and no side interaction
to the system. However, the fundamental understanding of the molecular design of the
amphiphiles to interact with LC film has not yet understood. In this chapter, we have
been explored several molecular designs of the UV-responsive oligomers and we have
discovered only methylated UV-trimer absorb on the LC interface. In addition, upon UV
irradiation, surprisingly, after the adsorption of the UV-trimer, the homeotropic
anchoring stability was enhanced.
5.2 Results and Discussion
5.2.1 Molecular design, synthesis and characterizations
The UV-responsive amphiphilic oligomers were typically consist of pentaethylene
glycol as a hydrophilic part and 2-nitro benzyl ester representing a UV-responsive and
hydrophobic group. The molecular design was initiated with the structure UV-TC1
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Figure 5.3 Oligomeric structures of UV-TC1 (a), UV-TC6 (b), and UV-TC10 (c)
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showing in Figure 5.3a. 100 µM of UV-TC1 was introduced to the LC (5CB) films. UVTC1, unfortunately, did not go to the interface of LC. At first, we hypothesized that it
was because of the lack of hydrophobicity of the molecule since O3 contained dodecyl
group as a hydrophobic segment. Consequently, we incorporated longer hydrocarbon
chain instead of only a methyl group in UV-TC1 with hexyl (UV-TC6) and dodecyl
(UV-TC10) group. However, neither UV-TC6 nor UV-TC10 goes to the LC interface.

Figure 5.4 The plot between concentration Vs the scattered photons of UV-TC10

By increase the hydrophobicity of the amphiphiles did not promote the anchoring
transition. In addition, the increase in hydrophobicity can lower the critical aggregation
concentration (CAC) of molecules. The CAC of UV-TC10 was analyzed using light
scattering method. The concentration of UV-TC10 was plotted against the number of

scattered photons (Figure 5.4). The CAC was found to be 2 µM indicating that most of
UV-TC10 was forming aggregates. Then, we hypothesized that the lack of unimeric
molecule in the aqueous phase could be the result of ceasing the anchoring transition at
the interface. Therefore, we introduced longer hydrophilic polyethylene glycol (Figure
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5.5a) in order to increase the CAC of the oligomeric amphiphile. The CAC of UV-TC10PEG was identified and the value was increased to 18 µM. 100 µM of UV-TC10-PEG
was introduced to the LC film. After more than 48 h, the anchoring transition has not
been yet observed.

Figure 5.5 The molecular structure (a) and the plot between concentration Vs the
scattered photons of UV-TC10-PEG
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The hydrophobicity and the increase of CAC did not have any effect to the
anchoring transition of the oligomeric amphiphiles at the LC interface. The different in
the structure between O3 and UV-responsive oligomeric amphiphiles were the
hydrophobic groups which there were an extra diazo ring and an extra benzene ring
which could also increase the rigidity to the structure and slow down the dynamic of the
molecule to adsorb onto the LC interface. In addition, O3 has the methylated amide
meanwhile, other UV-responsive oligomers have non-methylated one. The nonmethylated amide in the structure can provide an extra intra hydrogen bond which then
will also enhance the rigidity to the structure. Thus, we hypothesized the rigidity is the
reason for preventing the anchoring transition at the interface. To test the hypothesis, the
anchoring transition of non-methylated O3 (Figure 5.6) at the LC interface was studied.
Indeed, the transition from the planar to homeotropic anchoring at the interface of the
non-methylated one was much slower compared to O3. Therefore, we redesign UVTC10 by methylated the nitrogen on the amide groups.

Figure 5.6 The structure of non-methylated O3
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Monomer (UV-meMC10), dimer (UV-meDC10), and trimer (UV-meTC10) of
the methylated UV-responsive oligomers were synthesized (Figure 5.7). All three
oligomers were synthesized in order to be compared with O1, O2, and O3. The
anchoring transition study was performed at the same concentration (100 µM). The
birefringent characteristic of the LC was observed using polarized optical microscopy
which is changed with the director profile within the LC. Thus the transition from planar
to homeotropic anchoring can be observed by the disappearance of the birefringent. In
other word, for the planar anchoring, the bright appearance can be defined as a Schlieren
texture with dark brushes that correspond to regions of the LC where the director is either
parallel or perpendicular to one of the crossed polarizers. Interestingly, in case of UVmeMC10 and UV-meDC10, the anchoring transition was not completely developed from
planar to homeotropic anchoring at the interface showing in Figure 5.7. Since the bright
appearance of the LC indicated of planar anchoring, after introducing of UV-meMC10
and UV-meDC10, the decrease in the brightness was observed but it did not completely
turn it to dark. This indicated that the anchoring at the interface was not fully reordered to
homeotropic anchoring which is different from O1 and O2 where the homeotropic was
observed. The result of the incomplete ordering transition at the interface might be due to
the effect of the rigidity of the molecular structure. However, at some period of time, the
melting of the monomer and the dimer was detected which is similar to O1 and O2.
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Figure 5.7 The observation of anchoring transition of UV-meMC10 (100 µM) and UVmeDC10 (100 µM) at the interface of 5CB after 15 h

In the case of UV-meTC10, when immersed in an aqueous solution with the
concentration of 100 µM, the 5CB film supported on a DMOAP-coated glass substrate
initially exhibited a typical Schlieren texture (Figure 5.8a) but underwent an anchoring
transition to a homeotropic orientation within 5 hours (Figure 5.8b).

The resultant

homeotropic anchoring was maintained for several days without showing evidence of
birefringent domains, similar to our observations with trimeric amphiphilie O3.

In

addition, we explored the reversibility of adsorption of UV-meTC10 at the LC-aqueous
interface and compared it to O3. When the overlying aqueous solution of UV-meTC10
(C = 100 µM) was replaced by water (C = 0 µM) following 5 hours of incubation against
the LC film (Figure. 5.8b,e), desorption of UV-meTC10 occurred within 2 hours as
evidenced by a transition in the optical appearance of the LC film from a dark
monodomain (Figure 5.8b) to a birefringent Schlieren texture (Fig. 5.8c). Similarly,
when aqueous O3 (C=0.1 mM) was replaced with water following incubations of
DMOAP-supported LC films for 5 hours, we observed the homeotropic dark state to
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become birefringent, consistent with reversible adsorption, as observed with UVmeTC10.

Figure 5.8 a-f) Optical micrographs (crossed polars) of 5CB films immersed in
aqueous solutions with a-c) UV-meTC10 (CUV = 100 µM) or d-f) cleaved UV-meTC10
(CCUV = 100 µM) at a,d) 0 and b,e) 5 hours, and c, f) after incubation against water for

2 hours. g-i) Optical micrographs of LC films g) equilibrated in aqueous UV-meTC10
(CUV = 100 µM) for 4 hours followed by h) 1 hour of UV irradiation and i) 2 hours
incubation after dilution of UV-meTC10 concentration to 0 mM. Scale bar, 200 µm
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Next, we explored how the UV-induced cleavage products of UV-meTC10
influenced a film of 5CB. The UV cleavage generates three monomeric fragments and a
core unit. We irradiated an aqueous solution of UV-meTC10 with UV light (wavelength
of 365 nm, power 8 W) for an hour to cleave UV-meTC10 into fragments. Completion
of the cleavage reaction was verified by measurements of UV-visible absorbance of the
aqueous UV-meTC10 solution (Figure 5.9). Following incubation of the cleaved UVmeTC10 solution against a DMOAP-supported LC film for 5 hrs, in contrast to UVmeTC10 prior to cleavage (Figure. 5.8a,b), the LC did not exhibit a dark appearance
(Figure 5.8d,e). This result is consistent with cleavage of UV-meTC10 and indicates that
the cleavage products of UV-meTC10 caused neither an anchoring transition nor phase
transition in the 5CB. We note that same concentration of the monomeric amphiphile O1
in an aqueous solution induces both anchoring and phase transitions in 5CB films over 5
hours of incubation. The structures of O1 and the fragments of cleaved UV-meTC10,
however, differ in important ways: although both possess decyl chains, the fragments of
UV-meTC10 do not possess the hydrophilic pentaethyleneglycol chains of O1 and thus
are unlikely to be as interfacially active as O1. This difference in structure is consistent
with our observation that the fragments of UV-meTC10 did not cause transient
homeotropic states of the LC. We also speculate that the sparing water solubility of the
UV-meTC10 3 fragments leads to their aggregation in bulk aqueous solution such that
they are kinetically trapped and unable to partition into the LC (no phase transition).
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Figure 5.9 The depletion over time of the UV-meTC10 absorption spectra after UV
radiation

To investigate the in situ optical response of the LC film to UV-triggered
cleavage of UV-meTC10, we equilibrated a 5CB film against an aqueous solution of
UV-meTC10 (CUV = 100 µM) to achieve the homeotropic LC orientation and then
irradiated the system with UV light for 1 hour. Interestingly, we measured no detectable
departure of the LC film from the dark homeotropic state (Figure 5.8g,h). This result is
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surprising because, as reported above, the cleavage products of UV3 present in an
aqueous solution do not impose a homeotropic orientation (Figure 5.8e).

We also

investigated the dynamics of desorption of the UV-meTC10 cleavage products from the
aqueous interface. A UV-exposed LC sample (decorated with UV-meTC10) did not
show any significant change in optical appearance after equilibration for 2 hours against
an aqueous solution free of UV-meTC10 for 2 hours (Figure 5.8h, i). In contrast, we
observed UV-meTC10 to desorb from LC/aqueous interface in the absence of UV
irradiation within 2 hours (Figure 5.8b,c). We speculate that the absence of reversible
desorption of UV-meTC10 cleavage products is due to the hydrophobic nature of the
fragments.
Overall, the results above indicate that the dynamics of the LC response to UVmeTC10 is altered by UV cleavage of the trimeric amphiphile.

Specifically, UV-

triggered cleavage of the trimer in aqueous solution leads to strikingly different responses
of the LC: UV-meTC10 triggers a transition to homeotropic anchoring whereas the
cleavage products of UV-meTC10 do not.

In addition, UV-cleavage of the trimer

adsorbed on the interface of the LC leads to distinct differences in the dynamic response
of the LC to contact with water: UV-meTC10 generates a transition from homeotropic to
planar anchoring whereas the cleavage products of UV-meTC10 maintain the
homeotropic orientation of the 5CB. In addition to revealing that oligomers form the
basis of a promising class of triggers for the design of responsive LC systems, our work
also hints that an understanding of the kinetics of these systems will be an important
challenge to address in future studies aimed at development of rational design principles.
5.3 Summary
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Previously, we have found that the interactions of nematic LC films with aqueous
solutions of amphiphilic oligomers in monomer (O1), dimer (O2), and trimer forms (O3).
Specifically, we found that the oligomeric amphiphiles O1-O3 caused nematic 5CB to
undergo sequential anchoring (planar to homeotropic) and phase transitions (nematic to
isotropic) with dynamics that dependent strongly on degree of oligomerization. The
trimer structure showed the most stable homeotropic anchoring at the interface giving the
potential to develop the responsive liquid crystal. The fundamental understanding of
molecular design rule for the UV-responsive trimer to cause the anchoring transition at
the interface was intensively investigated. The hydrophobicity and CAC of the
amphiphilic oligomers seem to have less impact to the adsorption of the amphiphiles at
5CB interface. The key feature that contributed to the enhancement of hometropic
anchoring was found to be the rigidity of the structure. The high flexibility of the
molecule trended to induce hometropic anchoring at 5CB interface rather than the stiff
structure.
We further investigated the response of UV-meTC10 which is the optimized
structure that can cause homeotropic anchoring at the LC interface. After UV irradiation,
the homeotropic anchoring became irreversible but no other transition was observed for
very long period. The trimer led to striking changes in the dynamics of the response of
the LCs, supporting our conclusion that molecular triggering of LCs via changes in
degree of oligomerization appears a fruitful strategy for further exploration.
5.4 Experiments
5.4.1 Materials
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All chemicals and reagents were purchased from commercial sources and were
1

used as received, unless otherwise mentioned.

H-NMR spectra were recorded on 400

MHz Bruker NMR spectrometer using the residual proton resonance of the solvent as the
internal standard. Chemical shifts are reported in parts per million (ppm). When peak
multiplicities are given, the following abbreviations are used: s, singlet; d, doublet; t,
triplet; m, multiplet.

13

C-NMR spectra were proton decoupled and measured on a 500

MHz Bruker spectrometer with 125 MHz frequency by using carbon signal of the
deuterated solvent as the internal standard.

1

H-NMR of the methylated amphiphiles

showed incorrect integrations and were rounded to the expected values. To clearly
confirm the formation and purity of those products mass spectrometry was performed and
reported.
Nematic liquid crystal, 4’-pentyl-4-biphenylcarbonitrile (5CB), was purchased
from HCCH (Jiangsu Hecheng Display Technology Co., LTD). Dimethyloctadecyl[3(trimethoxysilyl)propyl]ammonium chloride (DMOAP) was purchased from SigmaAldrich. Transmission electron microscopy (TEM) grids were purchased from Electron
Microscopy Sciences. The polymeric alignment layer (PI2555) was purchased from HD
Microsystems.
5.4.2 Synthesis of compound A and B
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5-hydroxy-2-nitrobenzyl alcohol (500 mg, 2.96 mmol) was dissolved in DMF (10
mL). Potassium carbonate (820 mg, 5.94 mmol) and n-decyl bromide (720 mg, 3.26
mmol) were added into the solution. The reaction was stirred at 140 oC for 6 hours under
argon atmosphere. The reaction was then cooled down to room temperature and 90 mL
of water was added to the reaction. The product was extracted into ethyl acetate and
washed with water and brine and dried over sodium sulfate. The product was further
purified by flash column chromatography (hexane/ethyl acetate) to give yellow liquid
compound A (530 mg, 58%). 1H-NMR (CDCl3): δ 8.17 (d, 1H), 7.19 (d, 1H), 6.88 (dd,
1H), 4.98 (s, 2H), 4.07 (t, 3H), 1.82 (m, 2H), 1.46 (m, 2H), 1.40-1.20 (b, 12H), 0.88 (t,
3H).
Compound A (530 mg, 1.71 mmol) and 2-azido acetic acid (190 mg, 1.88 mmol)
were dissolved in dichloromethane (10 mL). N,N’-dicyclohexyl carbodiimide (DCC, 387
mg, 1.88 mmol) was then added to the reaction followed by triethylamine (TEA, 0.26
mL, 1.88 mmol). The reaction was stirred at room temperature for 12 hours. All solid
was then removed my filtration and the product was purified by flash column
chromatography (hexane/ethyl acetate) to give yellow liquid compound B (370 mg,
55%). 1H-NMR (CDCl3): δ 8.21 (d, 1H), 7.03 (d, 1H), 6.91 (dd, 1H), 5.66 (s, 2H), 4.05
(t, 2H), 4.01 (s, 2H), 1.82 (m, 2H), 1.46 (m, 2H), 1.40-1.20 (b, 12H), 0.88 (t, 3H).
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13

C-

NMR (CDCl3) : δ 167.8, 163.8, 140.1, 134.3, 128.4, 114.9, 113.5, 69.2, 64.7, 50.6, 32.0,
29.7, 29.4, 29.1, 26.0, 22.8, 14.2. ESI/Mass: Calc. (C19H28N4O5+Na+) 415.1958 found
415.2733.
5.4.3 Synthesis of compound C and D

The reactions were done similarly like A and B. C as yellow liquid: (60 % yield).
1

H-NMR (CDCl3): δ 8.17 (d, 1H), 7.19 (d, 1H), 6.88 (dd, 1H), 4.98 (s, 2H), 4.08 (s, 3H),
D as yellow liquid: (65 % yield). 1H-NMR (CDCl3): δ 8.21 (d, 1H), 7.03 (d, 1H),

6.91 (dd, 1H), 5.66 (s, 2H), 4.08 (s, 3H), 4.00 (s, 2H).
5.4.4 Synthesis of compound E and F
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The reactions were done similarly like A and B. E as yellow liquid: (65 % yield).
1

H-NMR (CDCl3): δ 8.16 (d, 1H), 7.15 (d, 1H), 6.87 (dd, 1H), 4.99 (s, 2H), 4.05 (t, 2H),

1.87 (m, 2H), 1.40-1.20 (b, 6H), 0.90 (t, 3H).
F as yellow liquid: (65 % yield). 1H-NMR (CDCl3): δ 8.22 (d, 1H), 7.03 (d, 1H),
6.91 (dd, 1H), 5.66 (s, 2H), 4.06 (t, 2H), 4.01 (s, 2H), 1.82 (m, 2H), 1.50-1.20 (b, 6H),
0.89 (t, 3H).
5.4.5 Synthesis of compound G

The compound G was synthesized following previous procedure25 to yield viscose
yellow liquid: (20% total yield). 1H-NMR (CDCl3): δ 7.24 (dd, 2H), 6.76 (t, 1H), 4.70 (s,
2H), 4.16 (t, 2H), 3.86 (m, 2H), 3.80-3.50 (b, 16H), 3.37 (s, 3H), 2.44 (s, 1H).
5.4.6 Synthesis of compound H
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The compound H was synthesized adapting from previous procedure25 to yield
viscose yellow liquid: (20% total yield). 1H-NMR (CDCl3): δ 7.29 (dd, 2H), 6.78 (t, 1H),
4.71 (s, 2H), 4.17 (t, 2H), 3.87 (m, 2H), 3.80-3.50 (b, 64H), 3.38 (s, 3H), 2.54 (s, 1H).
5.4.7 Synthesis of trimer precursor from G (Trimer-G)

Compound G (400 mg, 0.94 mmol) was dissolved in chloroform (1 mL). Thionyl
chloride (1 mL, 13.8 mmol) was added to the reaction and it was stirred at 60 oC for 6
hours. Solvent and the excess of SOCl2 were removed under vacuum to give the acid
chloride derivative.

Then, it was dissolved again in chloroform (1 mL).
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Diethylenetriamine (20 mg, 0.20 mmol) was added followed by TEA (0.4 mL, 2.8
mmol). The reaction was stirred at room temperature for 14 hours. The product was
purified by flash column chromatography (dichloromethane/methanol) to yield a viscous
yellow liquid (90 mg, 22%).

1

H-NMR (CDCl3): δ 7.24 (m, 6H), 6.76 (m, 3H), 4.71 (s,

6H), 4.16 (m, 6H), 3.86 (b, 6H), 3.80-3.50 (b, 65H), 2.53 (m, 3H).
5.4.8 Synthesis of trimer precursor from H (Trime-H)

The synthesis was done similar to section 5.4.6 to yield viscose yellow liquid. 1HNMR (CDCl3): δ 7.31 (m, 6H), 6.86 (m, 3H), 4.71 (d, 6H), 4.15 (m, 6H), 3.8 (b, 6H),
3.80-3.60 (b, 192H), 3.55-3.52 (m, 8H), 3.36 (s, 9H) 2.57 (m, 3H).
5.4.9 Synthesis of methylated-trimer precursor
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Compound G (400 mg, 0.94 mmol) was dissolved in chloroform (1 mL). Thionyl
chloride (1 mL, 13.8 mmol) was added to the reaction and it was stirred at 60 oC for 6
hours. Solvent and the excess of SOCl2 were removed under vacuum to give the acid
chloride derivative. Then, it was dissolved again in chloroform (1 mL). 1,7-dimethyl
ethylene triamine (26 mg, 0.20 mmol) was added followed by TEA (0.4 mL, 2.8 mmol).
1,7-dimethyl ethylene triamine was synthesized following the previously reported
procedure26. The reaction was stirred at room temperature for 14 hours. The product was
purified by flash column chromatography (dichloromethane/methanol) to yield a viscous
yellow liquid (95 mg, 25%). 1H-NMR (CDCl3): δ 6.68-6.57 (m, 6H), 6.46-6.34 (m, 3H),
4.57 (s, 6H), 3.99 (m, 6H), 3.78 (b, 6H), 3.72-3.62 (b, 42H), 3.54 (t, 6H), 3.37 (s, 9H),
2.66 (s, 3H), 2.22 (s, 6H).

ESI/Mass: Calc. (C69H101N3O24+Na+) 1378.6673 found

1378.6738.
5.4.10 General synthesis of UV-TC1, UV-TC6, and UV-TC10
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Trimer-G (1 eq.) and D (3.5 eq) for UV-TC1 (F for UV-TC6), (B for UV-TC10)
were dissolved in THF. Copper sulfate pentahydrate (3.5 eq.) and sodium L-ascobate (3.5
eq.) were added to the solution. Couple drops of water were added into the mixture. The
reaction was stirred at 60 oC for 6 hours. The solid was removed by filtration and the
filtrate was purified by flash column chromatography to yield a viscous yellow liquid
product.
UV-TC10: 1H-NMR (CDCl3): δ 8.21 (d, 3H), 7.78 (s, 3H), 7.00-6.85 (m, 6H),
6.80-6.70 (m, 3H), 6.59 (t, 3H), 6.57-6.56 (m, 3H), 5.65 (s, 6H), 5.30 (s, 6H), 5.22 (s,
6H), 4.12 (t, 6H), 4.05 (t, 6H), 3.83 (t, 6H), 3.70-3.60 (b, 50H), 3.54 (m, 6H), 3.37 (s,
9H), 1.82 (m, 6H), 1.45 (m, 6H), 1.40-1.30 (b, 36H), 0.89 (t, 9H). ESI/Mass: Calc.
(C124H181N15O39+Na+) 2527.2539 found 2528.1102
UV-TC1: 1H-NMR (CDCl3): δ 8.21 (d, 3H), 7.80 (s, 3H), 7.05-6.85 (m, 6H),
6.85-6.75 (m, 3H), 6.60 (t, 3H), 6.57-6.56 (m, 3H), 5.64 (s, 6H), 5.30 (s, 6H), 5.22 (s,
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6H), 4.15 (s, 9H), 4.05 (t, 6H), 3.83 (t, 6H), 3.70-3.60 (b, 50H), 3.54 (m, 6H), 3.37 (s,
9H).
UV-TC6: 1H-NMR (CDCl3): δ 8.20 (d, 3H), 7.80 (s, 3H), 7.10-6.90 (m, 6H),
6.82-6.72 (m, 3H), 6.62 (t, 3H), 6.57-6.56 (m, 3H), 5.64 (s, 6H), 5.32 (s, 6H), 5.24 (s,
6H), 4.15 (t, 6H), 4.05 (t, 6H), 3.85 (t, 6H), 3.70-3.60 (b, 50H), 3.54 (m, 6H), 3.37 (s,
9H), 1.75 (m, 6H), 1.46 (m, 6H), 1.40-1.30 (b, 12H), 0.89 (t, 9H).
5.4.11 Synthesis of UV-TC10-PEG

Trimer-H (1 eq.) and B ( 3.5 eq) were dissolved in THF. Copper sulfate
pentahydrate (3.5 eq.) and sodium L-ascobate (3.5 eq.) were added to the solution.
Couple drops of water were added into the mixture. The reaction was stirred at 60 oC for
6 hours. The solid was removed by filtration and the filtrate was purified by flash
column chromatography to yield a viscous yellow liquid product. 1H-NMR (CDCl3): δ
8.19 (d, 3H), 7.86 (s, 3H), 7.21-7.20 (m, 3H), 6.92 (m, 3H), 6.90 (m, 6H), 6.76 (m, 3H),
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5.64 (s, 6H), 5.30 (s, 6H), 5.24 (s, 6H), 4.14 (t, 6H), 4.04 (t, 6H), 3.86 (t, 6H), 3.70-3.60
(b, 192H), 3.58-3.50 (m, 8H), 3.38 (s, 9H), 1.78 (m, 6H), 1.47 (m, 6H), 1.40-1.30 (b,
36H), 0.88 (t, 9H).
5.4.12 Synthesis of UV-meMC10

Compound G (100 mg, 0.22 mmol) was dissolved in chloroform. Thionyl
chloride (1 mL, 13.8 mmol) was added to the reaction and it was stirred at 60 oC for 6
hours. Solvent and the excess of SOCl2 were removed under vacuum to give the acid
chloride derivative. The product was dissolved in chloroform. Dimethylammonium
chloride (36 mg, 0.44 mmol) was added followed by TEA (0.78 mL, 0.56 mmol). The
reaction was stirred at 60 oC for 5 h. The crude product was purified by flash column
chromatography (dichloromethane/methanol) to give the product (60% yields). Then, the
product (60 mg, 0.13 mmol) was dissolved in THF with compound B (79 mg, 0.20
mmol). Copper sulfate pentahydrate (50 mg, 0.20 mmol) and sodium L-ascobate (40 mg,
0.20 mmol)) were added to the solution. Couple drops of water were added into the
mixture. The reaction was stirred at 60 oC for 6 hours. The solid was removed by
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filtration

and

the

filtrate

was

purified

by

flash

column

chromatography

(dichloromethane/methanol) to yield UV-meMC10 (50% yields). 1H-NMR (CDCl3): δ δ
8.20 (d, 1H), 7.79 (s, 1H), 6.93 (m, 2H), 6.90 (m, 1H), 6.60-6.50 (m, 2H), 5.64 (s, 2H),
5.29 (s, 2H), 5.22 (s, 2H), 4.10 (t, 2H), 4.08 (t, 2H), 3.83 (t, 2H), 3.75-3.60 (b, 16H), 3.54
(m, 2H), 3.37-3.35 (m, 9H), 1.82 (m, 2H), 1.47 (m, 2H), 1.40-1.30 (b, 12H), 0.88 (t, 3H).
ESI/Mass: Calc. (C42H63N5O13+Na+) 868.4320 found 868.5654.
5.4.13 Synthesis of UV-meDC10

Compound G (200 mg, 0.44 mmol) was dissolved in chloroform. Thionyl
chloride (1 mL, 13.8 mmol) was added to the reaction and it was stirred at 60 oC for 6
hours. Solvent and the excess of SOCl2 were removed under vacuum to give the acid
chloride

derivative.

The

product

was

dissolved

in

chloroform.

N,N’-

dimethyethylenediamine (17 mg, 0.2 mmol) was added followed by TEA (0.78 mL, 0.56
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mmol). The reaction was stirred at 60 oC for 5 h. The crude product was purified by flash
column chromatography (dichloromethane/methanol) to give the product (33% yields).
Then, the product (60 mg, 0.066 mmol) was dissolved in THF with compound B (40 mg,
0.10 mmol). Copper sulfate pentahydrate (25 mg, 0.10 mmol) and sodium L-ascobate (20
mg, 0.10 mmol)) were added to the solution. Couple drops of water were added into the
mixture. The reaction was stirred at 60 oC for 6 hours. The solid was removed by
filtration

and

the

filtrate

was

purified

by

flash

column

chromatography

(dichloromethane/methanol) to yield UV-meDC10 (60% yields). 1H-NMR (CDCl3): δ δ
8.20 (d, 1H), 7.79 (s, 1H), 6.93 (m, 2H), 6.90 (m, 1H), 6.60-6.50 (m, 2H), 5.64 (s, 2H),
5.29 (s, 2H), 5.22 (s, 2H), 4.10 (t, 2H), 4.08 (t, 2H), 3.83 (t, 2H), 3.75-3.60 (b, 16H), 3.54
(m, 2H), 3.37-3.35 (m, 9H), 1.82 (m, 2H), 1.47 (m, 2H), 1.40-1.30 (b, 12H), 0.88 (t, 3H).
ESI/Mass: Calc. (C84H124N10O26+H+) 1689.8766 found 1689.8252.
5.4.14 Synthesis of UV-meTC10
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Trimer-G precursor (95 mg, 0.07 mmol) and compound B (117 mg, 0.30 mmol)
were dissolved in tetrahydrofuran (THF). Copper sulfate pentahydrate (75 mg, 0.30
mmol) and sodium L-ascobate (60 mg, 0.30 mmol) were added to the solution. Couple
drops of water were added into the mixture. The reaction was stirred at 60 oC for 6 hours.
The solid was removed by filtration and the filtrate was purified by flash column
chromatography to yield a viscous yellow liquid product (51 mg, 29%).

1

H-NMR

(CDCl3): δ 8.20 (d, 3H), 7.78 (s, 3H), 6.95-6.90 (m, 6H), 6.61-6.60 (m, 3H), 6.59 (t, 3H),
6.57-6.56 (m, 3H), 5.64 (s, 6H), 5.30 (s, 6H), 5.22 (s, 6H), 4.10 (t, 6H), 4.06 (t, 6H), 3.83
(t, 6H), 3.70-3.60 (b, 50H), 3.54 (m, 6H), 3.37 (s, 9H), 3.08 (s, 6H), 1.83 (m, 6H), 1.48
(m, 6H), 1.40-1.30 (b, 36H), 0.88 (t, 9H).

ESI/Mass: Calc. (C126H185N15O39+Na+)

2555.2852 found 2555.1102.
5.4.15 Preparation of LC films
Nematic liquid crystal, 4’-pentyl-4-biphenylcarbonitrile (5CB), was purchased
from HCCH (Jiangsu Hecheng Display Technology Co., LTD). Dimethyloctadecyl[3(trimethoxysilyl)propyl]ammonium chloride (DMOAP) was purchased form SigmaAldrich. Transmission electron microscopy (TEM) grids were purchased from Electron
Microscopy Sciences. The polymeric alignment layer (PI2555) was purchased from HD
Microsystems.
LC films were prepared by depositing 5CB into a gold TEM grid (10 or 40 µm in
thickness) placed on glass substrates coated with either DMOAP or a polyimide (PI) that
was rubbed to achieve unidirectional planar alignment. The thickness of the LC film
stated in the manuscript is the thickness of the TEM grid used to stabilize the LC film.
We observed well-defined dark homeotropic textures (Figs. 2 and 3), indicating that the
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LC/aqueous interface is flat. Overfilling or underfilling of the grids with LC results in a
curved LC/aqueous interfaces that results in measurable light leakage in the homeotropic
texture27. Subsequently, the LC film was immersed into an aqueous bath containing 10
mM phosphate buffered saline (PBS) at pH 7.4 and the relevant amphiphilic oligomer. To
prevent evaporation of the aqueous solutions and keep the concentration of oligomers in
the solution during the experiments, the bath was capped with a glass slide and was
sealed with Dow Corning 748 Sealant.
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS
6.1 Summary
Amphiphilic self-assembly is ubiquitous in nature and has been explored
intensively as a powerful source toward high functional materials. Many fields of
application have been utilized this supramolecular assembly to boost up their system such
as the improvement of product life time and functionality (Figure 6.1). Responsive
characteristics usually introduces to the assembly in order to enhance specific functions
in an often programmable and complex manner. The location of the responsive groups
can be precisely controlled through molecular design and synthesis to meet their specific
applications. In this dissertation, we have shown the responsive characteristics were
placed at surfaces and interfaces of amphiphilic assemblies (Figure 6.2).

Figure 6.1 Variety applications of amphiphilic assembly
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In chapter 2, the electrical responsive at the nanoassmblies surface was described.
The amphiphilic assemblies was designed in such a way that it forms the spherical
nanoparticle with amine functional groups decorated the surface. The particles were
utilized as a scaffold to provide a three dimension structure to flat aromatic organic
semiconductor molecules. Such architecture can provide several advantageous: 1)
Molecular packing opportunities to achieve well-controlled morphologies. 2) Isotropic
charge transport, which is useful since a single material can satisfy active material
requirements in a variety of device configurations. 3) Possibility of temporal and thermal
reorganization to equilibrium morphologies not resulting in loss of CT properties due to
molecular reorientation. We also explored the application of CT nanoparticle for organic
photovoltaic (OPV) and protein-sensor field effect transistor.

Figure 6.2 Dissertation summary
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CT-nanoparticles were used as an acceptor and poly(3-hexylthiophene) (P3HT)
was used as a donor in OPV devices. The invert architecture bulk hetero junction OPV
devices were fabricated and electrical conversion efficiency was analyzed. The efficiency
of the device fabricated using CT-nanoparticle was compared with the device made from
PCBM/P3HT. The fabrication method was not yet optimized. We found that the CTnanoparticle was not shown any enhancement in efficiency when compared to their small
molecules counterpart and the efficiency was lower than the PCBM system. This could
be contributed to the comparability between CT-nanoparticle and P3HT.
CT-nanoparticle was further explored to develop protein sensor in field effect
transistor (FET). The particle was functionalized with protein-ligand, benzene
sulfonamide. The ligand functionalized particle and CT materials were combined
together to make carbonic anhydrase sensor from FET devices. The device showed the
response to the presence of protein carbonic anhydrase. Unfortunately, the response was
not sensitive enough to be applied in qualitative analysis.
In Chapter 3, we have discovered the fluorescent enhancement phenomena
through the incorporation of fluorophore on polymeric nanoparticles surface.

The

mechanism investigations were performed using several techniques including fluorescent
lifetime and relative quantum yield quantifications. The enhancement mechanism was
confirmed to be the development of the rigidity surrounding the fluorophore by the
polymeric nanoparticle. The size of the particles also affected to the fluorescent in which
there was no enhancement observed in case of 10 nm particles.

132

The responsive characteristic at the interface was first described in chapter 4. The
fundamental underlying the molecular design of tri-component copolymer vesicles to
molecular guest release was studied. pH-responsive characteristic was used to respond to
the acid stimulus for programed guest release. Three different positions of the pHresponsive groups in tri-component copolymer were evaluated. We found that the
accessibility of the trigger molecule to the responsive group is the key for controlled
molecular release.
Finally in chapter 5, we have demonstrated the integration system between UVresponsive amphiphiles and liquid crystal to develop responsive systems that can amplify
events at a nanoscale level into macroscopic changes in the optical and electrical
properties of the LC phases. The main focus was on the understanding fundamental
design of the amphiphiles that can induce the reorientation of the LC at the interface. We
showed that the rigidity of the amphiphilic structure can affect to the adsorption ability on
to the LC interface. Also the preliminary study of the UV-responsive LC system showed
the capability of responding the external light which induced the change in phase
transition of the LC system.
6.2 Future Directions
CT-nanoparticle can provide three characteristics which are: 1) Isotropic CT, 2)
high thermal stability, 3) maintained charge mobility. These characteristics have benefit
to develop OPV. However, the preliminary results showed very low efficiency devices
since the optimization have not yet completed. Naphthalene diamine (NDI) as a CT
material to functionalize onto the particle was not suitable to be used in OPV. Lowest
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unoccupied molecular orbital (LUMO) of NDI exhibits high energy level1 which is not
favored for electron transfer from a donor molecule such as P3HT and the narrow
absorption ability of NDI will limit the amount of photons converted to electricity.
Perylene diamine (PDI) which is rylene diamine similar to NDI has been used as a nonfullerene acceptor in OPV. This type of rylene diamime possesses broad absorption
spectrum and low-lying LUMO level which has been shown to be a good acceptor in
OPV2-5. By replacing NDI with PDI on CT-nanoparticle, it can improve the charge
separation efficiency and enhance the photon absorption on OPV device.
The design and synthesis of pH-responsive vesicle have been established. We are
further interested to mimic the cascade events by utilizing the two different responsive
systems to develop the signal amplification pathway for responsive system showing in
Figure 6.3. The pH-responsive can be used as a secondary trigger loaded vesicle. After
the vesicle is activated by acidic environment, the secondary triggers get released and
then, induce another responsive system to release the reporter molecules. Our group has
reported many responsive systems that can be used to test this hypothesis such as redox
sensitive nanogel6-7, protein8-9 and enzyme10-11 induced-disassembly micelle.
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Figure 6.3 The proposed cascade event using two different responsive vesicles

We have elucidated the design of the responsive amphiphiles to interact with the
LC interface. The key founding is that the structure rigidity playing the important role for
the amphiphiles to adsorb on the interface. We also did preliminary test on the response
of UV-responsive amphiphiles to the LC system and found that the amphiphiles strongly
adsorbed on the LC interface after UV irradiation. The underlying mechanism of the
anchoring transition by the UV-responsive amphiphiles after UV irradiation has not yet
understood. The next step for the better understand of molecular design is to find out
what is the mechanism that can increase the adsorption stability. Our group is also
interested to develop other responsive amphiphiles such as the system that can respond to
biological compounds.
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